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PREFACE 


This volume has been developed from a series of articles in the 
Electric Journal written by the authors in 1930, 1931, and 1932. 
The original presentation has been completely rewritten, 
expanded, and rearranged to include a complete treatise on the 
theory and application of relay systems. 

Believing that no real progress can be made in the development 
and application of relay systems without basing it upon a 
thorough quantitative analysis of the magnitude and relations 
of currents and voltages, the authors have attempted to give a 
practical system of fault calculations for all arrangements of 
system connections and all types of short circuits. Six chapters 
have been devoted to a complete analysis of fault calculations. 
For unbalanced fault calculations, the fundamental system of 
symmetrical components is presented. Numerous examples 
have been given which it is hoped will be found useful not only 
to practicing engineers but also to students and teachers in 
engineering schools and colleges. 

Relay systems and relay-application data are much more 
complete than originally outlined and include the recent develop¬ 
ments in high-speed relaying of the distance, balance, differen¬ 
tial, pilot-wire, and carrier-current types. A discussion of 
instrument-transformer characteristics, vector analysis, wave 
form, and testing, is included. 

Many works of an excellent character relating to fault calcula¬ 
tions, machine characteristics, and relay application have 
appeared in the Transactions of the American Institute of Electri¬ 
cal Engineers, the Electrical World, the Electric Journal, the 
General Electric Review, and the National Electric Light Associa¬ 
tion ‘‘Relay Handbook.*' A few publications on general fault 
calculations and S3rmmetrical components are available and 
have been referred to in this volume. In addition to the above 
references, extensive use has been made of published data of 
the Westinghouse Electric & Manufacturing Company and the 
General Electric Company. 
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CHAPTER I 


THE RELAYING PROBLEM 

The function of protective relays in modern power systems 
is to initiate the operation of devices to isolate transmission 
circuits and apparatus when trouble develops. The nature of 
the trouble is generally in the form of short circuits resulting from 
equipment failures due to extraneous effects. The majority of 
the faults in many areas develop from insulation failures occa¬ 
sioned by abnormal voltages caused by lightning or other high- 
voltage phenomena. The origin of faults can be classified in 
two groups: (1) inherent defects; (2) external effects. Inherent 
defects generally involve inadequate design, application of 
incorrect design principles, improper manufacture, or installa¬ 
tion work. In the classification of external effects are included 
such elements as lightning, switching surges, overvoltage due to 
overspeeding of synchronous apparatus, insulation failure due to 
corona or foreign substances such as moisture, mechanical fail¬ 
ures, vibration, sleet, wind, and trouble caused by the public, 
birds, or animals. 

It would not be practical or economical to attempt to build 
fault-proof equipment; however, it is possible to obtain an eco¬ 
nomic balance of the various factors which influence successful 
system design and operation. Well-insulated equipment with 
exceptionally high mechanical and electrical strength may be 
used to reduce the possibility of faults developing, or duplicate 
equipment may be used and protected in such a manner that the 
loss of certain units will not cause interruption of service. Gener¬ 
ally, some compromise combination of these two methods, with 
adequate protection, will give an economical system design. 
The determining factor in any case is, of course, the importance of 
service continuity. Certain classes of loads, such as residential 
lighting, may be interrupted without damage, while industrial 
loads, involving manufacturing processes, may suffer severe 
damage from loss of service. 

1 
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Adequate system design will preclude the necessity of providing 
protective relays for normal overloads except in special cases. 
If adequate equipment is available, the system operators should 
be capable of operating the equipment in such a manner that 
loads higher than the apparatus rating are not carried. In 
certain special cases, such as isolated automatic stations, such 
protection may be necessary. In general, these cases may be 
handled by the use of some type of thermal relay having a heating 
characteristic similar to the characteristic of the apparatus 
protected. If the system load control can be cared for by proper 
system design and operation, the function of protective relays is 
reduced to one operation; the clearing of the minimum equip¬ 
ment necessary to isolate and correct abnormal conditions arising 
from system faults. 

The protective relays must bo so designed and applied that 
the presence of a fault is detected, the location determined, and 
the operation of initiating the isolation executed. To fulfill 
an ideal principle, the relay should be influenced only by abnormal 
quantities existing during a fault and the operation should be 
instantaneous. Actually, certain relays and certain connections 
can be devised which give a close approach to the ideal, but here, 
again, the question of economics enters the problem and, in most 
cases, a compromise short of the ideal is the only practical 
solution 

There are four general independent types of faults and a fifth 
combination type which may occur and for which protective 
relay systems must be designed to isolate. The five types of 
faults are as follows; 

1. Single line to ground. 

2. Double line to ground. 

3. Line to line. 

4. Three phase or three phase to ground. 

5. Simultaneous faults at different locations involving any combinations 

of types 1 to 4, inclusive. 

The first four types are of most particular concern. The 
fifth, or combination type, will be treated as a special case. 
Average values for the distribution of the different types of 
faults, using the total number of short circuits per year on average 
systems, expressed as a percentage of the total, is as follows: 
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1. Single line to ground. 66% 

2. Double line to ground. 20% 

3. Line to line. 10% 

4. Three phase. 5 % 


It should be taken into consideration that these values are 
average and may vary considerably for some particular system. 
The distribution of the types of faults is influenced greatly 
by the general design features, such as in transmission circuits, 
the conductor arrangement and the relative clearances between 
phases and between phases and ground and, also, the origin of 
the disturbing influence initiating the fault. Double line-to- 
ground and three-phase faults frequently originate as single 
line-to-ground, and the arc is carried by air currents to the 
other phases. The fifth type of fault cannot be given an average 
evaluation because of the very random manner of occurrence and 
because of the difficulty of determining definitely that such a fault 
did occur in a particular case. Some systems arc more suscep¬ 
tible to simultaneous faults than others, owing to the method of 
operation. When a single-line-to-ground fault occurs at some 
point on a system, with isolated neutral or neutral grounded 
through a high imiK^dance, the two unfaulted phases may be 
subjected to a maximum of 1.73 times the normal phase voltage 
to ground. If the insulation is weak at some point, this over¬ 
voltage may cause a breakdown at that point, thus producing 
simultaneous faults. • Arcing grounds, occurring on such systems, 
may cause much higher voltages. 

Probably the most frequent cause of simultaneous faults at 
different locations is lightning. The results of observation and 
camera studies indicate that the lightning stroke, as it approaches 
the ground, branches out into many streamers. These streamers 
frequently cover a very large area, sometimes a circle of 1000 ft. 
in diameter. Figure 1 is a photograph taken with a fixed camera 
showing streamer formation near the ground.^ These streamers 
may strike the line at different locations, such as on either side 
of a substation, causing simultaneous flashover of the insulation. 
In Fig. 2 is shown a photograph of a lightning stroke taken with 
a moving camera. This photograph shows that the stroke may 
be recurrent. In this particular case the period of time over 
which the stroke lasted was about two seconds and approxi- 

^ Acknowledgment is made to J. J.*Torok for Figs. 1 and 2. 
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mately 13 strokes occurred over the same path during this period. 
The distinct lines of the arc after each discharge can be seen. 
This is caused by the cloud discharging. After the arc is extin¬ 
guished, the discharged section of the cloud again builds up 
rapidly owing to migration of charge from other parts of the 
cloud. The path of the first discharge is not completely deion- 



Fiq. 1.—Photograph of lightning showing streamer formation near the ground. 


ized, hence its breakdown is much lower than any other paths. 
Usually the side streamers are not reestablished after the first 
discharge. 

Impedance may be present in any of the types of faults 
enumerated, thus producing lower currents and higher voltages 
than would exist in its absence. Fault impedance is generally in 
the nature of an arc, the impedance of which is practically all 
resistance. It is evident that the magnitude of fault currents 
and voltages may vary within wide limits. In some cases the 
fault currents may be less than the system load currents. Very 
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severe operating requirements are placed upon relay systems 
which must detect fault currents that are less than load currents. 

The problem of relaying is concerned with the protection of 
electrical equipment which may be classified in two groups: 
(1) apparatus protection; (2) circuit protection. Group 1 
includes all apparatus not classed as transmission, such as 



^ \ 


I 




Fio. 2.—Photograph of lightning stroke taken with a moving camera. 

generators, transformers, motors, converters, and auxiliary 
equipment. Group 2 includes all transmission and distribution 
circuits. The same fundamental principles of protection are 
applicable to both groups. The nature of the equipment in the 
two groups requires the use of slightly different methods of 
accomplishing certain results,•and specific principles have prac¬ 
tical application to one group arid not to the other, but the general 
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principles are the same. The differences will be readily recog¬ 
nized as the study progresses. 

Before proceeding with a consideration of the component 
quantities in a system or particular piece of apparatus, which 
may be compared by a relay to determine the existence of a fault, 


CHH® 


O-^ 


Fio. 3.—Radial system. 


it is well to review briefly the general types of systems encoun¬ 
tered. All systems may be classified in three groups, as follows: 

1. Radial. 

2. Loop or ring. 

3. General network. 

The radial system, in its simplest form, consists of a generating 
station supplying feeders connected to the generator bus, each 
feeder, in turn, being subdivided into a number of smaller feeders. 

The radial system is not restricted to 
single circuits and any number of 
circuits may extend between bussing 
points. This general type of sys¬ 
tem is used for any voltage. 

The loop or ring system, in its 
simplest form, consists of a single 
generating station and a single-cir¬ 
cuit transmission line. The loop is 
formed by starting at the generating 
station and carrying the transmis¬ 
sion circuit through one or more sub¬ 
stations, terminating at the same generating station, as is shown 
in Fig. 4. The equivalent of duplicate feed to each station is 
thus obtained. The loop system is not restricted to a single cir¬ 
cuit line but may consist of any number of parallel lines between 
stations. 

The general network is, in reality, a combination of the radial 
and loop systems. The network usually originates from the 


such as is shown in Fig. 3. 
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addition of tie lines between substations and several sources of 
power as the system load builds up. The possible combinations 
of circuits, generating stations, and substations are almost 
unlimited. A simple network system is shown in Fig. 5. 

The three types of system plans may be classified into two 
groups as to method of operation: 

1. Isolated neutral. 

2. Grounded neutral. 

On the isolated neutral system, the line-to-line and three-phase 
faults are the same as on a grounded neutral system, but a fault 
to ground does not produce a short circuit, as in the grounded 
system. The current which will flow, due to an accidental 
ground, is a charging current through the electrostatic capacity 
of the conductors to earth. 



The neutral of the grounded neutral system may be grounded 
solidly or through an impedance. The impedance may be 
ordinary resistance, reactance, resistance and reactance, or tuned 
reactance. The number of grounding points and the type of 
grounding, whether through impedance or solid, bear a direct 
influence upon the characteristics of the short-circuit currents 
and voltages. 

It has been pointed out that protective relays must detect and 
determine the location of faults. Consideration must now be 
given to the methods available for accomplishing these results. 
Every section of line, in any type of power system, falls in one 
of two classifications: 

1. Power source alt one end of section. 

2. Power sources at both ends of section. 
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It will later be seen that this has an important bearing on the 
tjrpe of protection necessary. The presence of a fault may be 
detected by the following general methods: 

1. Magnitude of electrical quantities: 

а. Over current. 

б. Combination overcurrent and undervoltage. 

2. Comparison of electrical quantities: 

o. Series balance. 

h. Parallel balance. 

c. Balance of dissimilar quantities. 

3. Relations of sequence components. 

In the detection and location of faults by method la, the ele¬ 
ment of time is necessarily associated with the operation; further¬ 
more, for lines having a power source at both ends, the additional 
element of direction of power flow must be introduced. For 
example, in Fig. 4, suppose a fault occurs on the section of line 
between stations B and C. Overcurrent will exist on the system 
due to the short circuit, but it is obvious that the overcurrent 
will exist on all of the loop lines; therefore, the relays at all 
stations will detect the fault by the magnitude and, obviously, 
will all operate. By introducing the element directioriy the 
relays at any station can be made to operate only when the flow 
of current is away from the bus, as shown in Fig. 4. It will be 
seen, by an inspection of this figure, that the current is in a 
direction to operate only relays 1, 3, 4, 6, and 8; however, if the 
element time is not introduced, all of these relays will operate 
when operation is desired only of relays 3 and 4. The introduc¬ 
tion of the clement time allows the selective timing of the relays 
so that, upon the occurrence of a short circuit in any section, 
only the relays protecting that section operate, the fault detection 
and location being affected by means of current magnitude, 
current direction, and time. It is obvious that the element 
direction does not enter the problem if there is a power source 
at only one end of each section of line, such as in Fig. 3. 

Method 16 applies to such principles as operation by over¬ 
current with voltage restraint; i.e,, the distance effect in which 
the time of operation is determined by the distance of the fault 
from the relaying point. The elements magnitude, direction, 
and time enter into the operation. A distinction between 16 and 
2c is marked by the element time. 
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The protection of systems where a problem of stability is 
involved requires the clearing of short circuits in a very few 
cycles to prevent loss of synchronism between stations. In 
general, it is desirable to clear faults in the minimum time in 
order to reduce the system disturbance, prevent excessive damage 
due to spreading of the trouble, and minimize the dropping of 
load due to low voltage. The methods of relay operation in 
group 1, involving the element time^ are, therefore, objectionable. 
It is readily seen that, in the application of these principles to the 
system of Fig. 4, successive relays require longer time settings 
as the generating station is approached. Relays 2, 4, 6 and 8 
(Fig. 4) are timed selectively and also 7, 5, 3 and 1. The fault- 
current and system shock are greatest for faults close to the 
generating station where the relay time is longest. 

The methods of detecition and selection in group 2 inherently 
eliminate the element time. The series-balance method com¬ 
pares the instantaneous magnitudes of the currents at the ends 
of the section protected. The currents are normally equal. All 
pilot wire and differential schemes are in the series-balance classi¬ 
fication and, also, the carrier-current pilot wire and other pilot- 
wire systems which compare the relative direction of the currents 
at the ends of the sections protected. 

The parallel-balance method consists of the comparison 
between currents in two parallel lines which, normally, bear a 
constant ratio. When a fault occurs on one line, the normal 
balance is upset. Split-conductor cable schemes and conven¬ 
tional parallel-balance schemes fall in this class. 

In the method of balance of dissimilar quantities, advantage 
may be taken of the fact that the relations of voltage and current, 
under normal and fault conditions, are distinctly different. 
Under fault conditions, the ratio of the voltage to the current is a 
measure of the impedance and, also, distance, neglecting the fault 
component. Since the impedance of the protected section is 
known, a relay may be designed to operate only when the fault 
is within the protected section. 

Method 3, the relations of sequence quantities, has no precise 
distinction from 1 and 2, and certain cases may fall in either or 
both classes. The magnitude and relations of the sequence 
quantities, under normal and fault conditions, are entirely dif- 
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ferent. Sequence components may, therefore, be compared for 
determining the existence of faults. 

The fundamental principles outlined are applicable to prac¬ 
tically all present-day alternating-current systems and not only to 
circuits but to rotating and static apparatus, such as generators, 
motors, and transformers. 

It is obvious that a thorough understanding of the theory and 
application of protective relay systems depends, primarily, 
upon a knowledge of the fundamentals of fault detection and 
system characteristics. The fundamentals cannot be properly 
presented in a non-mathematical manner. The application of 
the principles of relaying to a particular system requires, as a 
prerequisite, a thorough quantitative knowledge of the magnitude 
and relations of currents and voltages during short circuits. 
The determination of these relations and characteristics requires 
a sound mathematical foundation. Thus far, there has been 
only one method devised which is practical for the calculation of 
unbalanced short circuits. This is the method of symmetrical 
components. In the succeeding chapters an analysis and descrip¬ 
tion are given for the calculation of any type of fault on any type 
of three-phase system. A thorough knowledge of the theory 
and mechanics of calculations bears stressing, as no real progress 
can be made in the protective art without this knowledge. 



CHAPTER II 


SYMMETRICAL COMPONENTS 

All problems in alternating-current circuits involve vector 
quantities. Vectors may be referred to rectangular coordinate 
axes and expressed in terms of the components along the two 
axes, or they may be expressed in terms of polar coordinates. 
In Fig. 1 is shown a vector 5 which has an angle d with respect 
to the X axis. In the notation used, a placed above a symbol 


Y 



indicates the vector or complex form. E may be resolved into 
horizontal and quadrature components and respectively. 
The absolute value of the vector is J? = \^El + El, where 
Ez and Ey are the magnitudes of the two components. 

The vector ^ may be completely described by the complex 
expression 

^ == ^z + j^y ( 1 ) 

The operator j is so chosen that it rotates any vector to which it is 
attached through an angle of 9Q° in a positive or counterclockwise 
direction; therefore, if any vector is operated upon twice by j, ue., 

11 
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pf the vector will simply be reversed and the result is the same 
as if the original vector were multiplied by — 1; thus = — 1 
and therefore j = \/^. 

The operator j = \/—1 is an imaginary quantity, but when 
used as'an operator it does not make the vector, upon which it 
operates mathematically, imaginary. However, the Y axis is 
usually termed the axis of imaginarieSy because the j, or quad¬ 
rature component of the vector of Eq. (1), is parallel to this axis, 
although this component of the resultant vector is real. 

Equation (1) may be expressed in polar form: 

= E cos 6 = E sin $ 

Therefore 

+ j^y = E(cos d + j sin 6) = B (2) 

and 

Sx — j^y — E(cos ^ — i sin 6) = S' (3) 

The expression (cos 0 + j sin 6) is an operator which, applied 
to any vector, will rotate it through an angle ^ in a positive 
direction, and the operator (cos S — j sin $) will produce rotation 
6 degrees in a negative direction. If an operator 

K = cos a -j- j sin a 

is applied to the vector S, the magnitude of the vector will not 
be changed, but it will be rotated through a positive angle a, 
thus 

KS = S(cos d + j sin 6) (cos a + j sin a) = S[cos {9 + cx) 

+ j sin {9 + a)]. 

Successive applications of operators produce a rotation equal 
to the sum of the rotations produced by the individual operators. 

When vectors are to be added or subtracted, the complex or 
polar form of expression is convenient, but for multiplication and 
division of vectors the exponential form involving is more 
convenient since the processes involve only the addition and 
subtraction of exponents and the multiplication and division of 
scalar quantities. 

The operator may be expanded into an infinite series by 
Maclaurin^s theorem 
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= 1 + ie + mi + (jer , (jey (jey _ 

« - 1 + 30 + 2 , 

\ 2 ! ^ 4 ! 6 !+ ) 

, ./« e* ,e^ S’ . 

+Y ■ 3! + ^!" fi + ' 

Similarly, for the sine and cosine of B, 


cos ^ = 1 — 



S’ 

r! + 5! 

7! 



2! ■*'4! 

6! 


+ 


Therefore 

= cos B -{• 3 sin B 

It can be shown in like manner that 


•) ( 4 ) 

( 5 ) 

( 6 ) 

( 7 ) 


e-j9 = cos B — j sin B (8) 

The magnitude of cos ^ + i sin 0 = Vcos^ B ± sin^ B = 1. 
The magnitude of and is, therefore, unity. and 
may be represented as 
unit vectors, as shown in Fig. 

2. It can be seen that when B 
increases, rotates in a posi¬ 
tive direction and in a 
negative direction. 

The operators and 
produce the same effect when 
applied to a vector as (cos 
B + j sin B) and (cos B — j 
sin B) respectively. The opera¬ 
tor rotates a vector, to 
which it is applied, through 
a positive angle By and 
rotates a vector through a negative angle B, 

From Eqs. (2), (3), (7), and (8) we may write 

= JE(cos B + 3 sin B) (9) 

= £(cos B — 3 sin B) (10) 



The real components of these vectors are equal and have the 
same sign, and the imaginary components are equal but have 
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opposite signs. The vectors are said to be conjugates of each 
other. A vector is indicated by a ^ placed above the symbol 
representing the vector, and its conjugate is represented by an 
inverted Thus, if 

^ S» -j- jl^y = 

the conjugate is 

j© = = Et-i* 

The conjugate of any vector quantity is obtained by changing 
the sign of the j term. The same laws may be applied to the 
exponents of the exponential operator as to the exponents of 
ordinary numbers. 

—s ^/(d+a) 

The product of the exponential expressions of two vectors can 
be obtained in a similar manner. Let 

15 = £?£»■* 

then 

ST = ( 11 ) 

This shows that the product of two vector quantities is a new 
vector having an absolute value equal to the product of the 
absolute values of the two vectors and an angular position which 
is the algebraic sum of the two angles. It follows that the square 
of a vector quantity is a new vector having a magnitude the 
square of the original and twice its angle. 

(Sy = ( 12 ) 

If a complex number is multiplied by its conjugate the result 
is a real quantity equal to the square of the absolute value of the 
complex number. 

S = E^» 

S = Ee-i> 

SS = = JJ* (13) 

If a vector is multiplied by the conjugate of another, a new 
vector is obtained having >Bn angular position, which is the dif¬ 
ference of the angles of the original vectors. 
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E = 

t *= /€-^“ 

= EI[cos (d — a) + j sin — a)] (14) 


When one complex quantity is divided by another, a new vector 
is obtained having a magnitude which is the quotient of the 
original magnitudes and an angle with the reference axis equal 
to the difference of the angles of the original vectors. 


^ ^ E 

J “ ~ 


( 15 ) 


The reciprocal of a vector is a new vector having a magnitude 
equal to the reciprocal of the original vector and an angle of the 
same magnitude but of opposite sign as the original. 


1 _ 1 
E 



( 16 ) 


The determination of roots and powers of complex numbers is 
readily accomplished when expressed in the exponential form. 

A vector is not changed in magnitude or position by multi¬ 
plication with an operator which produces rotation through 2r 
radians or any whole number of 27r radians. 

Let ^ = Ei^'^ be a vector having an angle 6 with respect to 
the reference axis. This vector will not be changed by the 
operator where q is any integer. 


By the laws of exponents, 

This expression will have n roots. Consider the simple case of 
extraction of the square root of the vector n == 2 

vl = 


There are two different roots of the vector, consisting of the 
two roots of y/E, one plus and one minus, and the two roots of 
the exponential operator. T^e roots of the operator occur for 
g * 0 and g =» 1. 
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When 3 = 0, 
when 3 = 1, 

= /(!+') = _/(l) 

since the addition of t to the exponent of an operator simply 
reverses its sign. 

For higher values of q the roots repeat. Usually the negative 
root of a complex number has no significance and is consequently 
not considered. 

The expression for the nth power of a vector is 

(EY = (17) 

In the solution of alternating-current problems, so long as the 
system is symmetrical and loading conditions balanced on all 
phases, it is only necessary to obtain the solution for a single 
phase. The solution for the two other phases is obtained from 
symmetry. When the electrical quantities, voltage and current, 
become unbalanced, the resulting unbalanced coupling between 
phases makes the problem difficult to solve. This is particularly 
true when dealing with rotating apparatus. It should be readily 
appreciated that to obtain a solution for the voltages and currents 
in all parts of a complex power system by ordinary methods 
involving simultaneous equations would lead to such cumbersome 
results as to be impractical for use. 

A method devised by C. L. Fortescue^ consists of breaking 
down the unbalanced system into several balanced symmetrical 
systems which permits a practical solution for any unsymmetrical 
system. 

Poi 3 rphase Vectors,—symmetrical three-phase system of 
voltages or currents can be represented by three vectors spaced 
120® or 2t/3 radians apart, as shown in Fig. 3. Suppose that 
the order in which the three voltages reach their maximum is 
a, by Cy with positive rotation. In this discussion the direction 
of rotation of all vectors is assumed to be counterclockwise. If 

^ Fortescue, Charles L., Method of Symmetrical Coordinates Applied 
to the Solution of Polyphase Networks, Trans, A,I,E,E.y vol. 37 , p. 1027 , 
1918 . 
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the voltages of Fig. 3 are symmetrical, they may be represented 
in terms of only one, i.e., 

Ea = Ea, E, = Eae\ Ec^EJ^ 

If we let a represent the vector e ^, then a = € ^; = e ^; 

and a® = The three-phase vector of Fig. 3 then 

becomes 

Ea=^Ea ) 

Et = a^Ea} (18) 

Ec = aEa ) 


Eh is equal to E a rotated 240® or 47r/3 radians in a positive 
direction, and Ec is equal to Ea rotated 120® or 27 r /3 radians in 
the same direction. 



Fig. 3.—Symmetrical system of Fio. 4.—Properties of unit operators 
vectors. 1, a, a*. 


The properties of the unit operators 1, a, and a® are shown in 
Fig. 4. It can be seen that higher powers of a repeat. Oper¬ 
ating upon a vector with a rotates it 120®, and, when starting 
with a vector and operating with a three times, t.e., the vector 
is returned to the starting point. 

Properties of the Vector a 

a = -0.5 + jO.866 = e ® 1 + o = -o* 

a* = -0.5 - jO.866 = € ® 1 + o* = -o 

o* = 1 * s= e'** a + o* = —1 
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a® = a® 
1 •4“ (i -f- = 0 


1 - 

- o 

= J V3o» 

t»»°= 1 


1 - 

- o» 

= —Jv'Sa 

= J = 

a — a* 
V3 

a - 

■ o* 


= a 

a - 

-1 

- 



a* - 

-1 

= iVSo 

,,-2T0'-J 

li 

0* - 

- a 

= -jV3 



Any system of three arbitrary vectors may be reduced to three 
symmetrical three-phase systems: one of positive-phase sequence 
a, 6, c; one of negative sequence a, c, 6; and one of zero-phase 



sequence consisting of three equal vectors, all in phase. The 
positive-sequence system of vectors will be designated by the 
subscript 1, the negative-phase sequence by 2, and the zero-phase 
sequence by 0. 

In Fig. 5a is shown the symmetrical positive-sequence three- 
phase system of voltages. This system is termed 'positive 
sequence since Ea\ leads Eh\ by 120° and Ei^i leads Ed by 120°. 
The phase order is a, 6, c, counterclockwise rotation. The system 
is symmetrical, therefore, the following relations exist: 

Eal =* Eal ) 

Ebi — a^Eai} 

Eel = aEal ) 


( 19 ) 
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If a three-phase system of voltages or currents is balanced, 
as in Fig. 3, Eai = Ea, Ehi = Eb and Ed = Ee. Therefore, a 
balanced three-phase system is made up only of positive- 
sequence quantities. Since the positive-phase sequence system 
is symmetrical, 

jBai + Ebi + Ed = 0 (20) 

The symmetrical negative-sequence system of voltages is 
shown in Fig. 56. The direction of rotation of this system is the 
same as the positive, but the phase order is reversed. The vec¬ 
tors reach their maximum values in the order a, c, 6. In the 
negative-sequence system the following relations exist: 

Ea2 = Ea2 ) 

Eh2 = 0'Ea2 / ( 21 ) 

Ec2 = d^Eay 

Also, since the system is symmetrical, 

Ea2 4“ Eb2 “f* Ec2 *= 0 

It will be observed that the direction of rotation of the positive 
and negative sequences is the same, but the phase order is 
opposite. Physically this means that, if positive-sequence 
voltages a, 6, c and negative-sequence voltages a, c, 6 are applied 
to the terminals a, 6, c, respectively, of a three-phase machine, 
they will produce rotating magnetic fields which revolve in 
opposite directions. If the positive-sequence voltages are 
applied to the a, 6, c terminals of the machine in the order 
a, c, 6, respectively, the rotation of the resulting magnetic field 
will be the same as for the negative-sequence system. This is 
true, since reversing the position of two phases of the positive- 
sequence system converts it to a negative-sequence system. 

The zero-sequence system is shown in Fig. 5c. This system 
consists of three equal vectors, all in phase: 


EqQ = i?oo) 



(22) 

Ed = J^ao) 


BaO 4" Ed 4" Ed ~ ^EaO 

(23) 


Also 
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The three systems in Eqs. (19), (21), and (22) form nine 
vector components distributed in the three phases of the original 
system as follows; 

Phase a 

^ol = Ba\ Ea2 = Ea2 E aO = EaO (24) 

Phase b 

Ebl ~ CL^Eal Eb2 ~ OiEa2 EbQ ~ EaO (2^) 

Phase c 

Eel = ClEal Ec2 = (X^E a2 EcO = EaO (26) 

The original arbitrary system of vectors is thus resolved into 
three systems and each phase of the original system is repre¬ 
sented by the three components, one of zero-, one of positive-, 
and one of negative-phase sequence. The three original vectors 
may be equated. 

Ea = EaO + Eal + ^ 02 ) 

Eh = Ebo + Ebl + Eb2 / (27) 

Ee = EcO + Eel + Ec2 ) 

Substituting the equivalent values from Eqs. (19), (21), and 
(22), to obtain expressions for the three phases in terms of 
phase a: 

Ea = EaO + Eal + E a2 (28) 

Eb == EaO ■f' (X^Eal “h (xEa2 (29) 

Ec = EoQ + ClEal "t" (X^Ea2 (30) 

An examination of these equations will show the vectors to be 
arranged vertically in the following order: 

Vector positions of Eoq are 1, 1, 1 (zero sequence) 

Vector positions of Eai are 1, a^, a (positive sequence) 

Vector positions of Ea 2 are 1, a, (negative sequence) 

Each of three sets of vectors, zero, positive, and negative 
sequence, must be treated as a unit. In the application of the j 
operator, it is applied as a unit to a single phase. In the applica¬ 
tion of three-phase complex algebra, a unit or sequence involves 
three vectors. 

The individual sequence components can be determined in 
terms of the original vectors, since three independent equations 
are given 
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The zero-sequence component is obtained directly by adding 
Eqs. (28), (29), and (30): 

Ea + + Ec = SEaO + (1 + + 0)Eal + (1 “t" + CL^)Ea2 

= SjEtoO 

1 “1“ a “f” = 0 

Ea “f* Eh *4“ Ec 


EaO = 


(31) 


Multiplying Eq. (29) by a, Eq. (30) by a^, and combining with 
Eq. (28), in order to eliminate the zero and negative sequences, 
gives the positive-sequence component: 

Ea = EaO + Eal + E a2 
dEb = dEaO “f“ Eal "f* d^Ea2 

d^Ec = d^EaO *4“ Eal 4" dEa2 

Adding 

Ea *4“ dEb “h d^Ec = (1 *4“ a 4“ a^)Eao 4“ 3Eai 4" 

(1 4“ 4“ d)Ea2 ~ 3Eoi 

Ea 4" dEb 4" a^Efl 


Eal = 


(32) 


In a similar manner, multiplying Eq. (29) by a^ and (30) by a, 

Ea 4” d^Eh 4" d,Ee 


Ea2 — 


(33) 


If the original system of vectors Eat is equal in 

magnitude and symmetrically spaced, 

Ea = Ea 

Eh = d^Ea 

Ee = dEa 

Substituting these values in (31), (32), and (33), 

(1 4” 4“ u), 


EaO — 


^Ea = 0 


_ (1 4- 4- a^)p _ « 

JjJal -g- Lia — 

E., - + “• . 0 

Therefore, if the original system of vectors is balanced, the 
system is composed of positive-phase sequence components only. 
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The graphical determination of the sequence components of an 
arbitrary three-phase system of vectors can readily be illustrated. 

Consider the unsymmetrical vectors shown in Fig. 6o. The 
complex expressions for the vectors are 

- 40 -f- jO 
Eh = —20 — j50 
Ee = —30 -|- j80 

In Fig. 66 are shown the zero-sequence components obtained by 
adding vectorially the three vectors Ea, Eh, and E, in accordance 




fc) 

Fio. 6.—Graphical determination of sequence components, (a) Original vector 
system; (h) zero sequence; (c) positive sequence; (d) negative sequence. 

with Eq. (31). One-third of the vector sum gives the magnitude 
and phase position of the zero-sequence system. The positive- 
sequence set [Eq. (32)] is obtained by rotating Eh by 120® and 
Ee by 240®, both in a counterclockwise direction. One-third of 
the vector sum of these three vectors gives the magnitude and 
phase position of the positive-sequence component in phase o. 
The negative-sequence component Ea% is obtained by rotating Eh 
clockwise 120®, Ee counterclockwise 120® and taking one-third 
their sum, in accordance with Eq. (33). 
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The symmetrical components may be evaluated mathematic¬ 
ally from the complex expressions for Eat Eb, and Eey using Eqs. 
(31), (32), and (33). 

^ao = H[(40 + jO) + (-20 - i50) + (-30 + iSO)] 

« M(~10 +i30) = -3.33 +il0 
Eai = M[(40 +i0) + (-0.5 +i0.866)(-20 - j50) + 

(-0.5 - i0.866)(-30 + i80)] 
* K(177.8 - i6.3) = 59.3 - i2.1 
Ea2 = M[(40 +i0) + (-0.5 - i0.866)(-20 - j50) + (0.5 + 

iO.866) (-30+i80)] 

« H(“47.8 - i23.7) « -15.9 - j7.9 

A comparison of the magnitude and phase position of Eaot 
Eai, and Ea 2 , as obtained mathematically and graphically, will 
show them to be identical. 

Substituting the values of the symmetrical components 
obtained above in Eqs. (28), (29), and (30), the original vectors 
are obtained, thus proving the correctness of the calculations: 

Ea = EaO + Eal + E a2 

= (-3.33 + jlO) + (59.3 - i2.1) + (-15.9 - j7.9) 

= 40 + jO 

Eb — EaO “h d^Eal “f“ 0)Ea2 

« (-3.33 + jlO) + (-0.5 - i0.866)(59.3 - i2.1) 

+ (-0.5 +i0.866)(-15.9 - i7.9) 

= -20 - j50 
E^ = EaO “h dEal “I” (l^Ea2 

= (-3.33 +il0) + (-0.5 +i0.866)(59.3 -^2.1) 

+ (-0.5 - i0.866)(-15.9 - i7.9) 

= -30 +i80 

Sequence Operators.—In dealing with symmetrical com¬ 
ponents, the operations in the^three sequences may be indicated 
by a sequence operator^ which is analogous to the j operator in 
complex algebra of simple alternating currents.* The sequence 
operator is restricted to operate only on polyphase systems. The 
operator is useful in circuits involving unsymmetrical impedances 
in the phases. 

^ Fobtescuiq, Charles L., Method of Symmetrical Coordinates Applied 
to the Solution of Polyphase Networks, A.I,E.E. vol. 37 , p. 1027 , 1918 . 

* Wagner, C. F., and R. D. Evans, Symmetrical Components, Elec, Jour,, 
April, 1928 , p. 194 . 
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Let S^JSai) represent the three vectors Eai, a^Eai, and aEaj 
forming a positive-sequence system. The symbol is defined 
as an operator which, when written next to a polyphase vector, 
changes it into a polyphase-vector system of positive-phase 
sequence. The quantities which affect are considered as 
polyphase vectors. Thus, in S^{Eai), the symbol Eai stands for 
three vectors, each equal to Eai. Operating on Eai with means 
that the three vectors Eai, Eai are to be multiplied by 1, 
a*, and a, respectively. The first vector is unchanged, the second 
rotated 240® and the third 120® in a positive direction. alone 
has no meaning,^ unless it is understood to be followed by 1. In 
this case it stands for a unit-polyphase vector of positive-phase 
sequence obtained by operating with on the three vectors 
(1, 1, 1). 

The expression 8 ^{Ea 2 ) represents the system of vectors of 
negative sequence Ea 2 , aEa^, and d^Ea^. operating on Eai 
means that the three vectors Ea 2 , Ea 2 , and Ea 2 are to be multi¬ 
plied by 1, a, and a^, respectively. 

The expression S^{Eao) represents the system of vectors Eao, 
Eao, and Eao. Operating on Eao with means multiplying the 
three vectors Eao, Eao and Eao by unity. The zero-sequence 
operator is a unit operator and does not change a polyphase 
vector to which it is applied. 

The following summary may be written: 


S\E<^) = (1, 1, l)Eao 

(34) 

S^Eal) = (1, 0», 0)£ai 

(35) 

SKEad = (1, a, a^)Ea 2 

(36) 


The system of three vectors Ea, Eh, and Ec may be completely 
represented by the single expression 

S{Ea) = S\Ea,) + S^Eal) + SKEa2) (37) 

The expression S{Ec) completely specifies the system Ea, Eh, 
and Ee. The equation states that the three vectors S(Ea) are 
equal to the sum of three systems of vectors, the first being of 
zero sequence S®, the second of positive sequence S^, and the third 
of negative sequence S^. The system of positive sequence 
is obtained by multiplyipjg the vectors Eai, Eai, Eai by 1, a^, 

^Waqnbr, C. F. and R. D. Evans, op. ciL, March, 1928, p. 166. 
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and a, respectively. In a similar manner, the zero- and negative- 
sequence systems are found, as previously explained. 

The meaning assigned to the sequence operators allows the 
exponents to be treated by the ordinaiy laws of exponents. 
Thus, in the expression the first vector of the system 

Eai, Eal, Eal rcmaius unchanged, the second is multiplied by 
and again by a^, the total change being equal to a alone, and the 
third is multiplied by a and again by a, the total change being 
equal to Since S^(Eai) equals (1, a, d^)Eaij it is obvious that 
for S^{S^Ea^ the same result would have been obtained by the 
expression S^{Eai)- 

The sum of two vectors, operated on individually by the same 
sequence operator, is equal to the sum of the vectors operated on 
by the sequence operator; or, stated in other words, the sum of 
two vector systems of the same sequence is a new vector system of 
that sequence, the component vectors of which are the sum of the 
component vectors of the original systems. Thus the expres¬ 
sions may be written 

S\Ea) + S^E,) = S\Ea + E,)) 

SKEa) + S^{Et) = S^{Ea + E,)} (38) 

S^{Ea) - = S^{Ea - Et)} 

In obtaining the product of two different vector systems S^{Eai) 
and S^(Iai)f the multiplication must be performed symmetrically. 
S^{Eai) and S^(Iai)j each consist of three terms, so the first 
terms, the second terms, and the third terms, respectively, must 
be multiplied. There is no cross-multiplication since each term 
represents a separate vector. It can be shown that 

S^Eal) X = S^iEaJal) 

as follows: 

S^{Eal) X = {Ealj U^Ealj ClEal) {Ialj 0,^1 alj <llal) 

Multiplying corresponding terms of the right-hand member. 

First terms EaJai 

Second terms, a^Eai X aHai = a'^Eailai = aEaJai 

Third terms, o^EaxIai 
Therefore 

S^{Eal) X S^(Ial) = (Eallalf <lEa\IaU Cl^Eallal) 

= (1, a, a^)EalIal 

= SKEallal) (39) 
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The product of a positive-sequence and a negative-sequence 
operator produces a zero-sequence operator 

X /S* = 

In the discussion, phase a has been used as the reference phase 
and all components expressed in terms of this phase. Phase 
b and c might just as well have been used as the reference. It 
should be understood that each of the following expressions also 
completely defines the system of vectors Eay Eh, Eo with phase 6 
and c, respectively, the reference. 

S{Eh) = S^Eh,) + SKEhi) + SKEh2) ( 40 ) 

8(Ec) = SKE^) + SKEci) + S\Ec2) ( 41 ) 

For the general case of unsymmetrical currents flowing through 
^ unsymmetrical impedances, the 

—55 -=S=fc__ voltage drops can now be deter- 

• \ 2 mined in terms of the symmet- 

2 components, using the prin- 

—i—I-ciples previously developed. 

I y Consider the three unequal 

^ I le Zc star-connected impedances (Fig. 

• 7) with neutral return. Three 

currents are assumed to flow in 
I It, ^ the three impedances and the 

FIO. y.-Unsymmetrical etar-con- problem is to determine the 
nected impedances with neutral voltage drops Ea, Eh, and Ec» 

The expressions for the voltage 
drops of the individual phases are 

Ea = laZa (42) 

Ei = ( 43 ) 

Ea = IcZa ( 44 ) 

Expressing these relations by use of the sequence operators 

SiZJa) = S(Za)^.S(.Ia) 

- [S“(Z.o) + SKZaO + S>iZa2)]miao) + SVal) 

+ S*(/a»)] 

Expanding and applying the laws of exponents 

S(ZJa) = S9(ZaoIaO + Zajal + ZaJai) 

+ S^iZallta + Ziolttl + ZaJai) 

+ S*(JSaiIa» + Zallal + Zadat) ( 46 ) 
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This expression completely specifies the system of the three 
voltages Ea, Eb, and Ee. 

In Eq. (45) Zoo, Zai, and Z02 have the following values; 

ZoO = /4(Za + Zb + Ze) (46) 

Zai = J^(Za + aZb + a*Zc) (47) 

Za2 = }4{Za + d^Zb + dZe) (48) 

These terms are impedances since they are the ratio of the 
impressed voltage and resulting current. The combination 
impedances Zoo, Zai, and Za 2 are termed zero, positive and nega¬ 
tive sequence respectively. These impedances are not zero, 
positive and negative in the sense that each should be used only 
with quantities of corresponding sequence but because they are 
evaluated from the unbalanced impedances by exactly the same 
process as used in determining the symmetrical components of a 
system of unbalanced voltages or currents. 

An examination of Eq. (45) will show that each symmetrical 
component of current gives rise to symmetrical voltages of all 
three sequences. It is further observed that there is a certain 
sequence in the arrangement of terms producing the voltage 
drops. 

Equation (45) can also be derived by substituting /a, h, and 
le in terms of their symmetrical components in Eqs. (42), (43), 
and (44) and then finding the symmetrical components of the 
voltages Ea, Ebj and Ec by substituting the values of the voltages 
in Eqs. (31), (32), and (33). 

A clearer conception of the physical significance of this expres¬ 
sion can be obtained by assuming in Fig. 7 that only currents of 
zero sequence flow.^ For this case the voltage drops are 

S^iZaJao) + SKZallao) + S^ZM 
If only currents of positive sequence flow, the drops are 
S%Za2lal) + SKZM + SKZallal) 

If only currents of negative sequence flow, the drops are 

S^(ZalIa2) + SKZa2la2) + S^{ZM 

An examination of these three expressions shows that with 
a flow of current of any sequence, there arises a voltage of the 
same sequence caused by the zero-sequence impedance. A 

1 Wagner, C. F., and R. D. Evans, op. cit. 
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current of positive sequence flowing through an impedance of 
positive sequence gives rise to a voltage of negative sequence, 
and a current of positive sequence flowing through an impedance 
of negative sequence gives rise to a voltage of zero sequence. It 
will be observed that the order of the voltage arising from a 
particular sequence current and impedance may be determined 
by applying the laws of exponents to the subscripts of the current 
and impedance. 

In case the three impedances Za, and Zc are equal, a great 
simplification results: 

Za = Zb = = 0 

ZaO 

Z.i = 0 > (49) 

Za2 = 0 ) 

Substituting Eq. (49) in Eq. (45) gives 

S{ZaIa) = S^iZIao) + S^ZIal) + SKZIa2) 

Thus, it is evident that when the three phases are symmetrical, 
zero-sequence voltages are produced only by zero-sequence cur¬ 
rents, positive-sequence voltages by positive-sequence currents 
and negative-sequence voltages by negative-sequence currents. 

STAR AND DELTA CURRENTS AND VOLTAGES^ 

The relations between star and delta currents and voltages 
may be found by using the relations developed in the preceding 

paragraphs. Frequently, problems 
occur involving apparatus and cir¬ 
cuits, such as delta-connected trans¬ 
formers, wherein both delta and 
star currents exist in different parts 
C of the circuit and it is necessary for 
simplicity of analysis to convert 
from delta to star or vice versa. 
Before considering the conversions, 
it is well to specify the relations 
and nomenclature to be followed in 
and delta quantities. designating star and delta systems. 

A convenient graphical represen¬ 
tation is shown in Fig. 8 and this will be adhered to in further 

1 Wagner, C. F. and R. D. Evans, op, cit., March, 1928, p. 166. 
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discussion. The full lines indicate star values and the dotted 
lines delta values. It will be noted that a star component a 
and a delta component A are at right angles to each other. In 
what follows, small subscript letters indicate star and capital 
subscript letters delta quantities. 

In Fig. 9 is shown the notation which will be used to represent 
the currents in a delta-connected system. The choice in 



W 

(0 

Fia. 9.—(a) Currents in a delta-connected system; (6) positive-sequence current 
relations; (c) negative-sequence current relations. 

the direction of current flow is arbitrary. Ia, Ib, and Ic are the 
currents inside the delta and /«, h, and the currents in the 
lines. The system of line and delta currents may be expressed in 
terms of their sequence components in the usual manner: 

S{Ia) = SVao) + -S‘(/al) + (50) 

SUd = SVa,) + SKIai) + SKIb^) (51) 

It is evident that the following relations exist at the junction 
points in Fig. 9: 

la — Ib — Ic 
h = Ic- IA 

Ic^Ia- Ib 
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Or the system of currents Ih, /»may be expressed: 

S{h) - S{Ib) - 8{Ic) (52) 

The two terms on the right of Eq. (62) may be expressed, 
using IA as the first term, by means of the relations 

8{h) “ -80(1.0) + -S‘(a*/.i) + -S»(o7.,) (63) 

8(Jc) = -So(7.o) + 8\ah{) + 5»(a*7„,) (64) 

Substituting the value of <8(7.) from Eq. (60) into (52), we 
obtain 


So(7,o) + S‘(/.i) + .S*(7.0 = 8\Ia,) + 8\anAx) 

+ 8\alA,) - 8 %Iao) - SKuIai) - 8Ka*lAi) 
Collecting the terms having the same sequence operator: 
-So(7.o) = S\Iao - Iao) = 0 
SK7.i) = 8KaHAi - alAi) = -S‘(-i\/37,.x) 

-S*(7.o) = 8KalAt - a*7„2) = 8\+jV^lA») 


The conversion may now be written: 


laO = 0 

7^0 = indeterminate \ 

7.1 = -JV^Iai 

% 

+ 

II 

r-l 

I 

Ia2 = 



( 66 ) 


The graphical representation of the relations of Eq. (65) is 
shown in Fig. 9b and c. 

In a similar manner the relations between star and delta 
voltages may be obtained. The notation used to represent 
the voltages in a star-connected system is shown in Fig. 10. 

The star and delta systems are given by the relations 


8(E.) = -S<'(E.o) + 8KEai) + 8\Ea,) (56) 

8iEA) = 8KEao) + 8KEai) + 8KEa2) (67) 


The directions of the voltage vectors are purely arbitrary. 
We shall choose the relations between the star and delta voltages 
as follows: 

Ea “ Eg •“ E^ 

Ea “ Ea ” Ee 
Eo Et — Ea 
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or 

8{Ed = SiEc) - «(£») (68) 

The two terms on the right of Eq. (58) may be expressed 
using Ea as the first term from the relations in (53) and (54) 
and substituting the value of 8(Ea) from (67) gives 

8\Ea<,) + 8KEai) + 8KEAi) = 80{Eao) + 8^{aEai) + 5»(a*®«s) 

- S»(E„o) - 8Ka^E^i) - S’(aE.,) 


Collecting terms having the same sequence operator: 

( Eao = indeterminate Eao = 0 \ 

^ai = — EIai = +jy/SEaJ 


jp _ *f JP 

JLal —- 

Vs 

Eat — d— 

Vs 


-jVSEat 


The graphical representation of the relations given in Eq. (69) 
is shown in Fig. 105 and c. 



Fig. 10.—(o) Voltages in a star-connected system; (6) positive-sequence voltage 
relations; (c) negative-sequence voltage relations. 


From an inspection of the relations expressed in Eq. (55), 
it is evident that no currents of zero sequence can fiow in lines 
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connected to a delta. Furthermore, there can be no zero- 
sequence currents flowing in the lines to a star connection without 
a neutral connection since the vector sum of the currents must 
always be zero. There may be currents of zero sequence cir¬ 
culating inside the delta, and, therefore, the zero-sequence 
currents in the delta cannot be determined from the star currents; 
however, the delta currents may be determined from other 
known conditions. 

An examination of the relations in Eq. (59) will show that 
no voltages of zero sequence can exist in the delta voltages, 
since the vector sum must always be zero. Voltages of zero 
sequence may exist in the star connection, but it is clear that 
the zero-sequence voltages in a star cannot be determined from 
the delta voltages. 

Current and Voltage Relations in Unsymmetrical Circuits.— 

In a given circuit two equations may be written for the voltage 
of any phase at any particular point in the circuit; for example, 
at the terminals of the load. For this point in the circuit, 
one of the equations would be for the voltage drop from the 
source of potential to the load; the other would be the equation 
for the voltage drop in the load. If the circuit is unsymmetrical, 
the voltage of each phase, at the point considered, may be 
resolved into its symmetrical components. There will thus be 
obtained three equations, one for each phase sequence, cor¬ 
responding to each of the two above mentioned equations. 
Since, in a general unsymmetrical circuit, each phase-sequence 
voltage drop is composed of drops due to all three sequence 
currents, the equation for each phase-sequence voltage will be 
in terms of the three unknown sequence currents. Two of the 
unknown sequence currents may be eliminated from any one 
of the voltage equations. This gives two equations for each 
phase-sequence voltage, one for the drop on each side of the 
point considered, each in terms of drops due only to its cor¬ 
responding sequence current. Equating the two expressions 
for the voltage at the point considered gives an equation involving 
only one sequence current, the corresponding sequence com¬ 
ponent of applied voltage which is known, and the sequence 
components of the circuit impedances, also known. This 
equation may be solved for the sequence current. Having 
found one phase-sequence current, the other two are easily 
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obtained by substituting in equations which were developed in 
obtaining the first component. 

In order to illustrate the application of the relations which 
have been developed, a solution will be obtained for the currents 
in the unsymmetrical circuit shown in Fig. 11 in terms of the 
circuit constants and bus voltage.^ An unsymmetrical star 
load is connected to the secondary of an unsymmetrical bank of 
three single-phase delta-delta connected transformers through 
lines of negligible impedance. The impedances of the three 



Fig. 11.—Unsymmetrical star-connected impedance load supplied from an 
unsymmetrical bank of transformers. 


transformers Za, Zb, and Zc are unequal, and likewise the load 
impedances Za, Zh, and Zc are unequal. For simplicity, a 
one-to-one ratio of transformation is assumed. Current is 
supplied to the primaries of the transformers from an infinite 
bus through lines having symmetrical impedances Z* per phase. 
At the bus, the voltages £«, Ebf Ec are sustained and balanced. 

The positive-sequence voltage at the terminals of the load is 
equal to the positive-sequence voltage minus the positive- 
sequence voltage drop from the bus to the load terminals. 
Since the impedance Z* in each phase is symmetrical, a voltage 
drop of a particular sequence will be produced only by a current 
of that sequence flowing through Z*. Therefore, the positive- 
sequence drop through Z* is 

— Zglal 

1 Discussion of Fortescue, op. cti., by J. Slepian, Tram, A.LE,E.y vol. 37, 

p. 1160. 
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Converting this from a star to a delta voltage drop by means of 
Eqs. (66) and (69) gives for the delta drop —ZZJai. The 
impedance ZZ, is the delta equivalent of the star impedance Zm. 
We may write the equations for the positive- and negative- 
sequence voltages at the terminals of the load in terms of the 
drops from the bus to the load. 

^Ai — ~ ZZJai — {ZAll AO + ZaoIai + ZatJa^ ( 60 ) 

^At “ ^Ai — ZZJao — {ZaJaO + ZaiIaI + ZaoIao) (61) 
Also, it is evident that 

t: 2} 

The voltages at the terminals of the load are also equal to 
the drop through the load impedances Za, Zbt Ze> Remembering 
that all terms involving lao drop out since /ao = 0: 

E'Ji = Zaolal + Za2Ja2 (63) 

Eai = Zaxial + ZaoIa2 (64) 

EaO = ZaJal + Zalla2 (65) 

Converting these expressions into terms of delta quantities by 
Eqs. (56) and (69) 

EIaX ~ (+iA/3)(-^ao/ol) + (+i\/3)(^ 02 / 02 ) = 

SZooIaX ““ SZa2lA2 ( 66 ) 

BII 2 « (-jV3)(Zal/«l) + i-jV3XZaoIa2) = 

— 3Zoi/a1 + SZaolA2 (67) 

Bllo *0 ( 68 ) 

Equating the right-hand members of Eqs. (60) and (66), 
and of Eqs. (61) and (67), and solving for the voltages on the 
bus side of the transformer, 

Eai =* ZZooIaX — ^Za2lA2 + ^ZJaX + {ZaxIaO + ZaoIaX + ZaJaI^ 
Ea 2 ^^ZaxlAl + 3Zoo/il2 + ZZJa2 4“ {ZaJa^ + ZAll AX 

+ ZaoIa2) 

Also 



( 70 ) 
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Eliminating by Eq. (69), and simplifying, 


Eai ® [sZao + 3Z* + Z^o 



j^3Zao + 3Z, + Zao -/ii2 (72) 


Solving Eq. (72) for 7^2 and substituting its value in (71) and 
solving for Ia\ gives 

Ia\ ^Eai 

3-ZaO+3Zx4“^iiO 

_ ^AQ _ 

(3Z.,+3Z,+2^o- -32, j (Zai -3Z., 

(73) 

Substituting this value of Iai in the equation for 7^2 obtained 
from Eq. (72) gives 



where Ki is the same denominator as in (73). 

The zero-sequence current circulating in the delta-connected 
transformers can now be found by substituting the values of 
Ia\ and Ia 2 from Eqs. (73) and (74) in (70). 

The total current 7 a in the transformer is obtained by the 
relation 

7a = 7ao + 7ai + 7a2 (75) 

The system of currents 7a, 7^, and 7c in the transformers are 
completely specified by the equation 

;S7a = S^Iao + S^Iai + S^7a2 (76) 

It is obvious that the line currents in Fig. 11 are the same 
on both sides of the transformer bank if the magnetizing current 
is neglected. The line currents can be determined from the 
delta currents by applying the delta-star transformation relations, 
equation (55). 
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Equations (71), (72), (73), and (74) are general in that no 
restrictions are placed upon the values of the load and trans¬ 
former constants. For example, consider the case of a line- 
to-line fault between phases b and c at the load. 

For this case 

2^ 

Zb = Ze = 0 £tlld Zal ~ Za2 “ ZaO * 


Substituting in Eq. (73) gives 

/Ai « 


Za + 3Za; + ZjLO — 


ZaiZa2 


Ea 


Similarly, substituting in (74) gives 

Za — ZaI + 


Ia2 = E. 


Al’ 


K. 


ZIA 

(z 7 

ZaJ 

\ZA.-Za-^J 


(77) 



Zao 

(78) 


where K 2 is the same denominator as in Eq. (77) 

If, before the line-to-line fault occurred, the circuit was 
unloaded then Z® = <». For this case, Eq. (77) for Iai takes 
the form oo/<». In order to evaluate this expression it is 
necessary to differentiate the numerator with respect to Za to 
obtain a new numerator, and the denominator to obtain a new 
denominator. The derivative of the numerator with respect to 
Za is unity. Differentiating the denominator with respect to Za 
gives 

ZAo(6Za. 4" 2ZaO + Za2 ~f" Z^l) — {ZaI + Za^^ 

Zao 

Hence, for Za = Eq. (77) becomes 

Y _ _ ZaqEaI _ 

Zao(6Z* + 2ZaO + Za2 + Zai) — (Zai + Za2)* 


Equation (78) reduces to the. same expression as (79). There¬ 
fore, 

Ia2 = Iai (80) 

Since the impedance Za is infinite, the line current la must 
be zero. From Eq. (66), 
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Substituting these relations in (80), 

Ia2 = ’^Jal 


The total current /a = /ai + Ia 2 = 0, since the zero-sequence 
line current /ao must be zero, thus satisfying the conditions for 
the open phase. 

If the transformer impedances are symmetrical. 


Za ~ Zb = Zc 


and 


Zaq = Za Zai = 0 Za2 = 0 
For this case, Eq. (79) reduces to 

ZaEaI Eai 


“ Z^iQZ. + 2Zd 2(3Z. + z^) 
Ia 2 = Iai 


(81) 


An inspection of Eq. (70) will show that, when the transformer 
impedances are symmetrical, the zero-sequence delta current 
Iaq becomes zero. 

Converting Eq. (81) into terms of star currents, 


Ea 


^Zx + %Za 


(82) 


The impedance is simply the line to neutral impedance of 

Z E 

the transformer. If Z' = Eq. (82) becomes lai = 

6 -T ^a) 

Another case worthy of investigation is that of a three-phase 
short circuit at the load where Za = Zb — Zc = 0. 

Substituting in equation (73) gives 

ZaiZa2 


Iai = Eai 


SZx + ZaO 


^^AO 


( 


(3Za H- ZaQ 


ZaiZa2 




( 83 ) 
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If the transformer impedances are symmetrical, Eq. (83) 
reduces to 


r - p r _ 

I AX - + z^y\ - 


Ea 


ZZx + Za 


(84) 


Also, 


/as = 0 I AO = 0 


Applying a delta-star transformation, 

/.■ - —^ (8S) 

Z.+f 

Ja ~ ial 
Ih = 

le “ O/Ia\ 

Open-delta Transformers.—-A case which frequently occurs 
is that of the open delta (Fig. 12a). This figure is, in all respects, 



transformer impedances. 


the same as Fig. 11 except that phase c transformer is removed. 
This is an unsymmetrical connection, irrespective of whether 
the two transformers are duplicate or not. A little thought 
will show that the representation of Fig. 126 is the same as 
Fig. 12a. Current flowing in phases a and c encounter the 
impedance Z^, and current flowing in phases 6 and c encounter 
the impedance Za* The impedance Zc corresponding to Za 
and Zb is zero. 
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Resolving the impedances of the open-delta bank into zero-, 
positive- and negative-sequence impedances, 


/7 Za + Zb 

Zao = 3 

(86) 

^ Zil + c^Zb 

ZaI g 

(87) 

<7 Zx + A^Zb 

Zao -3- 

(88) 


The voltages at the terminals of the load, in terms of the 
drops from the bus to the load, are: 


E'ai = Eal — Zxial {Z^olal + ZA^Ia^ (89) 

Ea2 = Ea2 ZJa2 {ZaJcI + ZA^a^ (90) 

and in terms of the drops in the load 

E:, = Zaolal + Za2/a2 (91) 

E'a2 ~ ZaJal 4“ ZaoIa2 (92) 

E^q = Za2lal + Zalla2 (93) 


Equation (93) gives the displacement of the neutral due to 
the unsymmetrical load. 

Equating the right-hand members of Eqs. (89) and (91) and 
of (90) and (92), and remembering that Ea 2 = 0 and /ao = 0, 


Eal = {Zx + ZaO + Zao)Ial + (Za2 + Za^Ia2 
0 = {Zx + Zao + Zao)Ia2 + {ZaI + Zal)Ial 

From Eq. (95), 

j _ “(Z^l + Zal)Ial 
~ {Zx + Zao + Zao) 


(94) 

(95) 

(96) 


Substituting Eq. (96) in (94) and solving for lai gives 

r _ Eal{Zx + Zao + Zao) 

~ {Zx + Zao + Zaor - (Z^2 + Za2){ZAl + Zal) 

Substituting for lai in (96), 

T _ _ T-Eai{ZAl + Zal) _ 

{Zx + Zao + Zao)* — {Za2 + Za2){ZAl + Zal) 


For a line-to-line short circuit between phases b and c, i.e.f 
a closed phase, 

Zft = Zc = 0 and , Zal = Za 2 — ZaO ~ 
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Substituting in (97) and (98) 

+ Zm + 

{z, + + I*) - {z^^ + j)(zai + y) 

j _ + y) _ 

(z, + z^o + yJ - + t) 


( 99 ) 


( 100 ) 


If the transformer was unloaded at the time of the fault, Za = . 

In order to evaluate the right-hand members of Eqs. (99) 
and (100), it is necessary to eliminate Za by differentiating the 
numerators and denominators with respect to Za. 

After performing this operation these equations become 


T _ Eal 

2(Z, + Z^o) - (Za 2 + Zai) 

2(Z. + Z^o) - (Zx2 + Z^i) 


-lal 


( 101 ) 

( 102 ) 


If the two transformers are similar, Za = Zb 
Eqs. (86) to (88) 


Zao 

Zai 

Za2 


2? 

3 

(1 + o,)Z 
3 

(1 + a^)Z 
3 


= Z and from 

(103) 

(104) 
(106) 


Substituting these values in (101), 

T _ 

2Z,+ Z 

Iai ~ -foi 

Ib = Ibl + Ibt = 


■Ea 


2Zx -|- Z 


(106) 

(107) 

(108) 


If, in Fig. 12, transformer A was removed, instead of C, 
Eqs. (86) to (88) become 


Zao 

Zai 


2? 

3 

>7 _ (® + Of^)Z 

Aa% — -o- 


(109) 

( 110 ) 
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Substituting these values in Eq. (101) and simplifying, 

"" 2(Z, + Z) 

From Eq. (102), 

Ia2 = -lai (112) 

Equations (111) and (112) are for a line-to-line fault across 
the open side of the delta. 

Voltage and Current Relations in Star-delta Transformers.— 

In the example considered, a one-to-one ratio of transformation 
was assumed. If any ratio other than one to one is present, 
it is necessary to introduce the transformer ratio in determining 
the actual or sequence components of currents and voltages on 
one side of the transformers from those on the other. With 
star-star or delta-delta connected transformers, the currents in 



the low side are simply equal to the currents in the high side 
multiplied by the turn ratio of the two windings, and the low-side 
voltage is equal to the high-side voltage divided by the turn 
ratio. In the star-delta connection, there is a difference in both 
magnitude and phase angle between the currents and voltages 
on one side and those on the other. It is, therefore, necessary 
to have some convention for representing the relations of quanti¬ 
ties involving star-delta transformations. In Fig. 13 is shown the 
convention adopted, which is the same as that in Fig. 9. The 
symbols bearing subscripts with single prime refer to the delta 
side. The magnetizing current is neglected. Thus, the trans¬ 
former impedance is considered as a series impedance on the 
voltage base of the winding used in calculating the conditions 
desired. The turn-ratio constant can then be applied directly 
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to currents and voltages without the complication of involving 
the impedance in the expressions. 

The assumption will be made that the star winding is the high- 
voltage side. Let n be the actual turn ratio for the transformers. 
This is the ratio of the turns on one leg of the star winding to 
those on one leg of the delta winding. 

Determination of Line Currents on the Delta Side from Line 
Currents on the Star Side.—From Fig. (13), 

/; = /;- 4 = n{h - Ic) (113) 

r, = rc-iA = n(h - la) ( 114 ) 

I'c = = n(Ia - h) (115) 

Equations (113), (114), and (115) hold equally well for the 

sequence components of currents; therefore, 

= n(In - Id) = n(o* - o)/„i = -iV3/«i (116) 

= ji(7m — Id) = n(a — a*)/^* = jy/Zla^ (117) 

/'ao = n(/M - U) = n(l - l)/«o = 0 (118) 

The currents on the star side, in terms of those on the delta 

side, may now be found: 


7,1 = -ijii 
nV3 

(119) 

7 ,*- 

nv3 

(120) 

/oo = indeterminate 

(121) 

The determination of line to neutral voltages on 
in terms of those on star side, is similar: 

the delta side. 

II 

(122) 

= E'd - EU = (a- a*)E!d 

(123) 


Substituting value of Eji from Eq. (123) in (122), 


= -3- 



Also 


(125) 

(126) 
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Conversely: 

Eai = jnVSEi, (127) 

Ea2 = (128) 

Eao = indeterminate (129) 

The line-voltage relations are 

Ea = jn\/SE^ 

Eai = 

Ea2 = —jny/ZEi^ 

Eao ~ 0 

By means of these relations the phase position and magnitude 
of currents and voltages may be traced, step by step, through any 
number of transformations that may be encountered. The 

values of either the actual or the sequence currents and voltages 
may be used in the transformations. It is frequently desirable 
to know the magnitude and phase relations of the symmetrical 
components in all parts of the circuit. For such cases, the 
conversion expressions will be found convenient. 

Unsymmetrical Load on Generator.—The analysis of circuits 
involving unsymmetrical quantities by the method of sym- 



Fio. 14,—Unsymmetrical star-connected load supplied from a symmetrical 
synchronous generator. 

metrical components is not limited to static circuits. A case 
will now be considered involving a generator supplying an 
unbalanced star-connected load.^ The generator is assumed 
to have a damper winding, such that both stator and rotor may 
be considered symmetrical. The generator has an impedance 
Zi to positive-sequence currents and an impedance Z 2 to negative- 
sequence currents. The connections are shown in Fig. 14. 
The generated internal voltages are J5«, Eb, and Ec. Since the 
generator is symmetrical, these voltages are symmetrical and 
^Wagner C. P. and R. D. Eva^, op. cit. 
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are the positive-sequence-generated voltages. The generated 
negative- and zero-sequence voltages are, of course, both zero. 

The total voltage drop of any sequence must be equal to the 
generated voltage of that sequence. The following expressions 
may be written 


Ea\ = Z\Ia\ + ZJal + {Z al + Za^Ia^) 

Ea2 = 0 = Z2la2 + Zxla2 + {Zallal + ZaoIa2) 
Solving for Ia 2 in (131), 

Zallal 


I a2 — 

Substituting (132) in (130), 


<2^2 + ^» + Z, 


aO 


= /al(. 


Eal 

lal = Eall 


Zi + ^* + 2o0 


Za^Za 


^2 + Z* + Z, 


0 


> Zi + Z* + ZaO 


Za2Z, 


o2"ol 


Z 2 + Zx + ZaO, 
Substituting value of lai from (134) in (132), 

Zal 


) 


Ia2 = -K 


al 


Z^2 + ^» + Za 


Zi + Z* + ZaO “ 


Za2Z, 


o2"al 


Z 2 + Zx + Zn 


(130) 

(131) 

(132) 

(133) 

(134) 


(135) 


The symmetrical component voltages at the terminals of the 
generators are 


~ *®al lalZ^ 
^a2 = 0 — /a2^2 / 


(136) 


The phase voltage is the sum of the components: 

E'a = Eal “ lalZl — /a2^2 


(137) 


The voltages at the terminals of the load are 

Eal ~ Zaolal + Za2la2 
Ea2 Zallal + ZaoIa2 
EaQ = Za2lal + Z all a2 
E'a = {ZaO + Zol + Za2)Ial + {ZaO + Zal + Za^Ia2 


(138) 

(139) 


The voltage of the other phases may be found by means of the 
fundamental resolution equations. 

The equations developed are perfectly general and hold for any 
load-impedance constants. Consider the case of a line-to-line 
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short circuit between phases b and c at the load. For this* 
condition, 

Zb ^ Zc = 0 

Therefore, 

ZaO — Zal = Za2 = 


Substituting these relations in Eqs. (134) and (135) and remem¬ 
bering that Eal = Eay 


Zl + 2 . + 3 “ ^ ^ 32 ) 

_2a_ 

3^2 32* -f“ 2a 


(140) 

(141) 


where K 2 is the same denominator as in (140). 

If the generator is unloaded at the instant of fault, 2„ = 00 . 
Reducing Eq. (140) to a simple fraction and differentiating 
the numerator and denominator with respect to 2o, the equations 
reduce to 


1 


/.I ^“1 + Z 2 + 2Zx 

Ia2 ~ lal 

la = lal + Ia2 = 0 
h = aUai + a/,2 = 

Ic “ a/fli “f“ 0^/a2 “ 

4 = -/. 


a)£^a 


Zi -f- Zi -f- 2Zz 


-jVZEg 

2i -|“ 22 “H 22* 


2i -f- 22 “f* 22* 2i -f- 22 “h 22* 


(142) 

(143) 

(144) 

(145) 

(146) 


General Unsymmetrical Network.—Thus far, the only circuit 
constants considered were simple self-impedances. In practically 
all polyphase circuits, the phases have mutual coupling. The 
mutual coupling between conductors in a transmission line is 
usually large, but it is canceled by the method of calculating the 
self-inductance. The coupling between phases, in polyphase 
rotating machines and transformers is large. 

It has been shown that jvhen the self-impedances are sym¬ 
metrical in the phases of a three-phase circuit, the voltage drops 
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of a particular sequence are caused only by currents of cor¬ 
responding sequence. Jt can be shown that for a general static 
circuit containing both self and mutual impedances, as long as 
these impedances are symmetrical, the three sequences may be 
treated independently. This results in a simplification which 
greatly increases the usefulness of the method of symmetrical 
components. 

The three-phase system may be replaced by three independent 
single-phase systems, as shown in Fig. 15. The return con- 



Iqo 


Zo 


■ai 


Posi+'ive Sec^uence 



Negative Sequence 

Yiq, 16.—Representation of a three-phase system by throe independent single¬ 
phase systems. 


doctors have no impedance, so the impedances Zo, Zi, and Z 2 
may be used in single-line diagrams. 

It should be observed that the meaning of the terms Zo, Zi, 
and Z 2 given here, when considering a symmetrical system, is 
different from the same term when considering a system with 
unsymmetrical impedances. If the distinction between a system 
containing unsymmetrical impedances and one containing only 
symmetrical impedances is kept in mind, no ambiguity should 
result from using the same terminology. This notation will 
be employed henceforth. 




CHAPTER III 

CALCULATION OF FAULT CURRENTS AND VOLTAGES 

In calculating short-circuit currents and voltages the assump¬ 
tion is generally made that the impedances of the three phases 
are symmetrical. This includes both self and mutual impedances 
in each phase, embracing resistance, inductance, and capacitance. 
It is a practical impossibility to secure perfect phase symmetry, 
but it is only in special cases that such an assumption would 
lead to excessive error. In order that phase symmetry may exist, 
the self and mutual impedances per phase of electrical apparatus 
must be symmetrical. Phase symmetry in a transmission circuit 
is secured by transposition of the conductors. This practice is 
generally resorted to in reducing telephone interference effects. 
Fortunately, the assumption of phase symmetry is usually 
permissible, thus greatly simplifying the problem of fault cal¬ 
culations and allowing the application of the method of sym¬ 
metrical components as a simple practical working tool. 

In the calculation of unbalanced faults the system is assumed 
to be symmetrical up to the point of fault. The fault is the 
origin of unsymmetrical voltage and current relations. A 
maximum of three networks is involved in the calculation of 
unbalanced faults, viz,, the positive, negative, and zero sequence. 
The combinations to be used depend upon the type of fault 
under consideration. The three networks comprising the fault 
system have been shown to be independent of each other. The 
relations of the networks and the connections between them 
depend upon the particular type of fault and are determined by 
the terminal conditions at the point of fault. Before proceeding 
with the derivation of the methods of calculation for the various 
types of faults, it will be well to describe briefly the character¬ 
istics of the three networks. 

The positive sequence is the ordinary system impedance 
network used in the calculation of system performance and 
three-phase short circuits. The resistances and reactances are 
the same values to neutral as used in calculating regulation. 

47 
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The only generated e.m.f. is of positive sequence. The individual 
synchronous machines are sources of positive-sequence voltages 
whose magnitude and phase position at the instant of fault 
depend upon the real and reactive power distribution. The 
positive-sequence voltage at any point in the network, under 
fault conditions, is egual to the generated positive-sequence 
voltage minus the voltage drop due to positive-sequence current 
flovdng through the positive-sequence network. There can be 
no ground currents in the positive-sequence system, because the 
system is balanced. Since, in a symmetrical system there is no 
interaction between the three sequence components and only 
internal generated voltages of positive sequence exist, the only 
currents which can react upon the air-gap flux in machines 
to produce a change in the generated voltage are of positive 
sequence. This point is of importance in the calculation of 
transient fault currents. 

The negative system of components is a balanced system of 
opposite-phase sequence to the positive components. Since the 
negative components are balanced, no ground currents can appear 
in the negative-sequence network. The negative-sequence 
network is physically the same as the positive system, differing 
only in the constants of rotating apparatus. The negative- 
sequence reactance of transmission circuits and static apparatus, 
such as transformers, is the same as the positive. The negative- 
sequence reactance of induction and synchronous machines, 
however, may be quite different in value. A complete discussion 
of the nature and determination of machine constants will be 
given in a succeeding chapter. Generated negative-sequence 
voltages do not appear in rotating, apparatus. Negative- 
sequence voltage drops appear in the negative-sequence network 
owing to the flow of currents of negative sequence. If the 
positive direction of current flow in all networks is taken in a 
direction from the machines to the fault, the expression for the 
negative-sequence voltage drop at any point in the system is 
0 — J 2 Z 2 where Z 2 is the equivalent impedance from the input 
terminals of the negative-sequence network to the particular 
point where the voltage is measured. It is apparent that the 
maximum value of the negative-sequence voltage drop will 
exist at the point of fault. Thus it may be said that a fictitious 
negative-sequence voltage exists at the point of fault. 
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The zero-sequence network, in general, differs radically from 
the positive and negative. Like the negative sequence, there 
are no generated voltages of zero sequence. The zero-sequence 
currents in the three phases of a three-phase system are equal 
and in phase and, therefore, must return through the neutral. 
The zero-sequence line impedance is the impedance of the three 
conductors in parallel with earth return in the case of a single 
circuit line or six conductors for a double circuit line. The 
zero-sequence line impedance, being a function of the earth- 
conductivity characteristics, may vary considerably for different 
localities. The zero-sequence impedance of transformers depends 
upon the connections, whether star or delta and whether grounded 
or not. A transformer-connected star, with ungrounded neutral, 
offers infinite impedance to the flow of zero-sequence currents, 
while one solidly grounded offers only the ordinary leakage 
impedance. The zero-sequence impedance of rotating machines 
depends, principally, upon the design (pitch and breadth factors) 
and the connections. It will be found that for most calculations 
for high-voltage systems, the generator zero-sequence impedance 
does not enter the problem, as the presence of a delta-transformer 
winding connected to the generator effectively blocks the flow of 
zero-sequence currents in the generator for faults on the high- 
voltage side of the transformer. 

In the calculation of system fault currents it is general practice 
to assume the fault to occur at no load. This permits a simplifica¬ 
tion in that the generated internal voltages of all synchronous 
machines will be equal in magnitude and in phase with each 
other. All points in the positive-sequence network, where 
positive-sequence internal voltages appear, may be connected 
together. Lumped line constants are used, and the effects of 
capacitance and transformer magnetizing currents neglected. 

Consider the system shown in Fig. la consisting of two generat¬ 
ing stations connected by two transmission circuits. The 
transformers at both stations are connected delta on the low- 
voltage side and star, with solidly grounded neutral, on the 
high-voltage side. In I'ig. 16, c, and d are shown the positive-, 
negative-, and zero-sequence networks corresponding to the 
system of Fig. la. It will be noted that these diagrams are laid 
out so that for every branch of the physical system there is a 
corresponding branch of the sequence networks wherever the 
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sequence currents can flow. The presence of the delta connec¬ 
tion on the low-voltage side of the transformers prevents the 
flow of zero-sequence currents in the generators and forces 



id) 


Flo. 1.—(a) Single line diagram; (6) positive-Bequenoe net work; (c) negative- 
sequence net work; {d) zero-sequence net work. 


the zero-sequence currents in the lines to circulate through 
the neutral of the transformers. 

In the diagrams, T\, Tt^ and, To are considered the current 
input termiiuds of the positive-, negative-, and zero-sequence 
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networks, respectively. The terminals F 2 , and Fq are the 
terminals at the point of fault. The positive direction of current 
flow will always be assumed to be in the same direction in each 
network, i.c., in a direction from the T terminal to the F terminal. 
A review of the equations developed will show that the equations 
stipulate the same direction of current flow in the three networks. 
It will later be seen that in some cases, such as two line-to- 
ground faults, 1 2 and /o flow in an opposite direction to /i. This 
condition is represented by giving negative values to J 2 and /© 
rather than reversing the positive direction of flow. 

Since the generated positive-sequence voltages Ek\ and En 
are assumed to be equal and in phase, they may be replaced by an 
equivalent voltage. This equivalent voltage will simply be the 
line-to-neutral generated voltage of the reference phase converted 
to the proper voltage base. Let the equivalent voltage be Ei. 
It is also evident that the positive-sequence impedance network 
between terminals Ti and Fi can now be replaced by an equivalent 
single impedance by properly combining the various branches. 
Let the equivalent impedance be Zu Referring to the positive 
sequence, it is evident the relation exists: 

El == IiZi -f* Erif or Epi ~ El — IiZi (1) 

Similarly, for the negative- and zero-sequence networks, since no 
generated voltages appear, the expressions are: 

For the negative-sequence network, 

0 = I 2 Z 2 "i" Ef2 

Ef2 ~ — I 2 Z 2 (2) 

For the zero-sequence network, 

0 == IqZo "h Efo 

Efq = — IqZq (3) 

For the sake of simplicity the sequence networks of Fig. 1 
will be represented by their equivalent impedances (Fig. 2). It 
will be recognized that any network, no matter how complex, 
can be reduced to an equivalent two-terminal network so long 
as a fault exists at one point, and the generated voltages can be 
assumed equal and in phase. Since the networks are inde¬ 
pendent, the sequence currents for any type of fault can be 
found by connecting the networks in such a manner that the 
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terminal conditions at the point of fault are fulfilled and then 
solving for the individual sequence currents. 

In determining the terminal conditions at the point of fault, 
it is convenient to consider that three imaginary leads of zero 



Fig. 2.—Equivalent positive-, negative-, and zero-sequence networks. 

c-- 


Ji 


^Imaginary leads 
^ ,Jy| zero impedance 

—E"- ^ Symmetry line 


Fig. 3.—Representation of terminal conditions at point of fault. 


impedance are connected to the three phases. The faults are 
applied to the imaginary leads, the system being assumed 
symmetrical up to the point of fault, as shown in Fig. 3. 

Single Line-to-ground Fault with No Faults or Neutral Imped- 

‘ Waondb, C. F., and R. D. %'ans. Symmetrical Components, Blec. Jow., 
June, 1928, p. 308. 
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anco. ^Throughout these discussions phase o will be used as the 
reference phase. All voltages, unless otherwise specified, are 
phase to neutral. Assume that the fault occurs on phase a and 


the fault impedance is zero, as shown in Fig. 4. 

The terminal conditions at fault point F are 

EaF = 0 (4) 

IbP ICF =-0 ( 5 ) 

Resolving the phase voltage and current of phase a at F into 
symmetrical components: 

laF = laFO + laFi + IaF2 ( 6 ) 

laFO = ys(IaF + IhF + Icf) = (7) 

IaF\ = /i(IaF + dlbF + d^I cf) = /'Hlap) ( 8 ) 

IaF2 = VsilaF + d^tF + dlcp) = Vsilap) ( 9 ) 

laFO = laFl = IaF2 (10) 

EaF = EaFO + EaFl + EaF2 = 0 ( 11 ) 

Therefore 

EaFO + EaF2 = En.Fl (12) 


Equations ( 10 ) and (11) must be satisfied in connecting the 
sequence networks. The voltages ^ 

EaFO and EaF 2 in Eq. (12) may be 
added by connecting the zero and ^ 
negative networks in series, 2 . 6 ., con- ^ 
necting F 2 and To of Fig. 2. The 
voltage T 2 and Fo by Eq. ( 12 ) is 
equal to —EaFi- Now —Eofi is the 
voltage between Fi and Tu and, there¬ 
fore, to satisfy the relations, we may Fio. 4.—Terminal condi- 
connect T, and and Ti and Fo aa Une-to-ground 

shown in Fig. 5. 

Let us now examine the voltage relations in a slightly different 
manner. Starting with the terminal Ti in the positive-sequence 
network and tracing through to the point F 1 , it is seen that 
EaFl - El — hZi, Similarly, tracing from the T terminals 
of the negative- and zero-sequence networks EaF 2 — 0 — I 2 Z 2 
and EaFO = 0 - loZo- Substituting these values in Eq. (11), 

El — hZi — I2Z2 loZo = 0 

or 

El == loZo + + I 2 Z 2 (13) 
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It is obvious that the network connections satisfy Eq.- (13) 
and hence Eq. (12). 

The current relations of Eq. (10) are satisfied since the net¬ 
works are in series; consequently, the currents in the three 
networks at the fault must be equal. 



Fig. 6.—Connection of sequence networks for single line-to-ground fault. 


From the connections, it is evident that the expression for the 
positive-, negative-, and zero-sequence currents is: 


laFl — I aF2 — I aFQ — 


E, 


Zo + + Z2 


(14) 


The total current in the faulted phase is 

laF = laFQ + I aFl + I aF2 = ^~ Zi Z\ 

IhF = IcF = 0 (16) 

Single Line-to-ground Fault with Fault and Neutral Imped¬ 
ance.—^The zero-sequence impedance of a reactance or resistance 
in a neutral connection is three times the ordinary value. This 
is because all values of impedance must be on a to neutral base 
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per phase and any neutral impedance carries the zero-sequence 
current from all three phases. A neutral impedance appears 
only in the zero-sequence network, and therefore should be 
placed in the zero-sequence network at the point in the system 
where it appears. For example, if there is an impedance in the 
neutrals of the transformers of Fig la, these impedances would 
appear as three times their ordinary values in the zero-sequence 
network of Fig Id. When the zero-sequence network is reduced 
to the equivalent Fig. 2, the equivalent neutral impedances are 

included between the lermiiials To ^_______ 

and Fo. No difficulty should be 

encountered in handling neutral b -——— 

impedances. In the following, the ^_ 

assumption will be made that any . 

neutral impedances which may be ,-?[ 

present in the system have been _p 

included in the equivalent zero- 
sequence network of Fig. 2. *4^ 

There is frequently considerable Fi«. 6.-Ter ainai conditions 
fault impedance associated with impedance, 

ground faults, which may change the 
magnitude and relations of the sciquenee currents. 

Consider such a fault occurring through an impedance Zf, 
as shown in Fig. 6. The terminal conditions at the fault F 


E„F = IufZf 
IbF = IcF = 0 

The current relations arc the same as in Eq. (10): 
T — T — T — 

1 nm) — X aFl X aF2 - 


EaF ~ EaFO "f* EaFl “H EaF2 — lapZp — ^laFlZp (I^) 
Equation (13) now becomes 

E\ — IqZq — IiZi — I2Z2 = ^IofiZf (20) 

and Eqs. (14) becomes 

El = IqZq + hZi + I 2 Z 2 + dlaFlZp (21) 

The voltage and current conditions are fulfilled by connecting 
the networks, as shown in Fig. 7. It should be noted in cal- 
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culating the voltage drops that the point F in Fig. 6 is not at 
ground potential as in Fig. 4. The fault impedance Zf) there¬ 
fore, appears as an additional impedance, the equivalent positive-, 
negative-, and zero-sequence networks being 
——<4-^ the same as Fig. 5. 

It is evident from Fig. 7 and Eq. (21) that 
-1- the expressions for the currents are: 

1 "’ ^-0 = 

L 7. J- -L _1_ Q 7 (23) 


I nP = 


Z7+ + Z2 + 3^ 

Double Line-to-ground Fault with no Fault 
h\h Neutral Impedance. —For this case the ter- 

^ minal conditions are shown in Fig. 8. Phases 

i p. b and c are short-circuited to ground. The 

^ following relations exist at the point F: 

EtP == Ecf = 0 (24) 

I laF = 0 (25) 

®1 ® Resolving Eqs. (24) and (25) into symmet- 
I- rical components, 

- % (“) 

Fig. 7.-c!nnec: ® 

tion of sequence net- Voltage conditions Can be represented 

works for single line- - . 1 , 1 ^ ... „ , 

to-ground fault with by connecting all the T terminals in parallel 

fault and neutral and the F terminals in parallel, as shown in 
impedance. 

Fig. 9, i.e., Eq. (26) is satisfied by making 

EaPi equal to EaPo and EaF 2 ^ a -______ 

This is accomplished by con¬ 
necting the three points together ^ 

where these voltages appear, c . .— - 

The current relations at the u y J 

fault, stipulated by Eq. (27) , ♦ ""t 

must be satisfied: -t-l—fL-r4-f 

tar 

laFO + laFi + IaF2 = 0 8.—Terminal conditions for 

Therefore double Une-to-ground fault. 

laFl = “^laFO laFi 


/aulf 

tmpec/ance |3Zp 

Fig. 7. —Connec¬ 
tion of sequence net¬ 
works for single line- 
to-ground fault with 
fault and neutral 
impedance. 








4 

-F* 

4 

—n 

--F 


8.—Terminal conditions for 
double line-to-ground fault. 
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It is evident that these relations exist at the junction of the 
three F terminals. It should be noted that the assumed positive 
direction of current flow is retained, but h and 1 2 actually are 
negative in value. 



Fig. 9.—Connection of eequence networks for double line-to-ground fault. 

From Fig. 9 and Eq. (27) the expression for the symmetrical 
components of current in the three networks for the unfaulted 
phase a are 


I 

aFl — ^ f7 

rj , ^0^2 

(28) 

T - T 

*aF2 -|- Z 2 

(29) 

laFO = ^ 

(30) 


Double Line-to-ground Fault with Neutral and Fault Imped¬ 
ance. —An impedance in any neutral connection to ground, when 
considering double line-to-ground faults, is handled in exactly 
the same manner as described for single line-to-ground faults. 
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Three times the ordinary impedance is included in the equivalent 
zero-sequence network between the terminals To and Fq. 

Two conditions involving fault impedances will be considered 
for double line-to-ground faults. In one type the conductors 
h and c are faulted solidly together and a fault impedance con¬ 
nects their terminals to ground. In the second type a fault 
impedance exists between the faulted phases as well as between 

the phases and ground. The ter¬ 
minal conditions for the first type 
are shown in Fig. 10. 

Ecf == ZpiJhF 4“ Icf) (31) 
0 (32) 



EhF 

laF 

laF 


= laFQ + laFl + IaF2 == 0 


(33) 


laFl = ^laFO — la 


Fig. 10.—Terminal conditions for 
double line-to-ground fault with 
fault impedance to ground. 


the 


From Eq. (33) it is apparent 
that the connections of the net¬ 
works to fulfill the terminal cur- 
same as the case where no fault 


rent requirements are 
impedance was present. 

Resolving the voltages into their symmetrical components: 


EaFO == /''siEaF + 2EbF) (34) 

EaFl = y'siEaF EhF) (35) 

EaF2 = /^{EaF EhF) (36) 

EaFl = EaF2 (37) 


An examination of these equations will show that two voltage 
conditions must be satisfied, EaFi = EaF 2 and 

EaFQ — EaFl — EhF ~ ZF{IhF ”f" Iof)» 

Since laFo = + IbF + Icf) and Iqf = 0, 

3/ol^0 — IhF + IcF 

Therefore 

EaFQ — EaFl == ZlaFoEp (38) 

If the networks are connected, as shown in Fig. 11, Eqs. (33), 
(37), and (38) are satisfied. Equation (37) is fulfilled by con¬ 
necting Ft and F 2 together and Eq. (38) by connecting the 
jimction of Fi and F 2 to Fo through the fault impedance 3 Zf. 
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The following expressions are obtained for the sequence currents 
in the three networks. 


/oFl — 

IaF2 = 
laFQ = 


__ 

y • ^2(^0 + ^Zf) 

'^Z 2 + (Zo -I- 3Z7) 

__ Y {Zq + 3Z/-) 

+ (Zo + 3Zj.) 

j Z2 

+ (Zo + 3Z^) 


(39) 


(40) 

(41) 


The second type of fault impedance, with the terminal condi¬ 
tions, is shown in Fig. 12 . A fault impedance Za exists between 

conductors b and c and an imped¬ 
ance Zf to ground. The impedance 
Zf is connected at the mid-point of 
the phase impedance Zs. In general, 
the point of connection of Zf to Za 
may occur at any part of Za. How¬ 
ever, by assuming a central location, 
the problem is simplified by retaining 




Fig. 11.—Connection of Fig. 12.—Terminal conditions for double 
sequence networks for double line-to-ground fault with fault impedance 
line-to-ground fault with fault between phases and to ground, 
impedance to ground. 


the specific requirement of phase symmetry Such a fault 
impedance, as shown in Fig. 12, might occur with a line-to-line- 
to-ground arc. It is convenient, in this analysis, to assume a 
fictitious impedance Z 5/2 connected to phase o. This artifice^ 

1 This device is due to W. A. I^wis and L. S. Tippett, Fundamental Basis 
for Distance Relaying on Three-phase Systems, AJ,E,E., Paper 31-61, 
Abstract Elec. Eng., p. 420, June, 1931. 





60 


RELAY SY8TEMS--THE0RY AND APPLICATION 


haa the effect of making the phases symmetrical up to the 
point W of Fig. 12. The symmetry line F still retains the 
meaning as in the preceding discussion. An additional sym¬ 
metry line W has merely been added. 

The terminal conditions are: 

laF = 0 (42) 

Ehw = Ecw = ZpilbF + Icf) (43) 

From Eq. (42) the symmetrical 
components of current are: 

laF = laFO + laFl + IaF2 = 0 (44) 

laFl = — laFO ““ IaF2 

The symmetrical components of 
voltage at W are 

EaWl = /^{EaW — SIoFoZf)) 

Earn = }^(EaW — S/flFO^j-)/ (45) 
EaWO = }^i(EaW + dlaFcZr)} 

EaWl = EaW2 (46) 

EaWO ““ EaWl = SlaFoZF (47) 

Equation (44) is satisfied by con¬ 
necting the network in the same 
manner as Fig. 11. The impedance 
Z 3/2 per phase can be introduced in 

Fig. 13.—Connection of gg^ch network between the F and 
sequence networks for double 

line-to-ground fault with fault W terminals. This can be done 
to ^oun^ phases and since the system is symmetrical up 

to the point W, as shown in Fig. 13. 
The following voltage relations exist at the F terminals: 

EaFl 
EaF2 
EaFO 

The fictitious impedance Za/2 in conductor a does not introduce 
an error, because actually the voltage of conductor a at F and W 
is the same since no current is flowing in conductor a. 
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Line-to-line Fault with no Fault Impedance. —When a line-to- 
line fault occurs, the zero-sequence network is not involved 
since there is no path for the flow of zero-sequence currents to 
earth. Both positive- and negative-sequence currents will 
exist at the point of fault. The terminal conditions for this type 
fault are shown in Fig. 14. The fault is assumed to occur between 
phases h and c. The current and volt- - 



Fia. 14.—Terminal conditions for line-to-line Fio. 15.—Connection of 
fault. sequence networks for line- 

to-line fault. 

The currents and voltages may be resolved into symmetrical 
components as follows: 

laF^ = /''silaF + IbF + Icf) == 0 (52) 

laFl = /^{laF + dlbF + 0,^1 cf) = — (l)IcF (53) 

laF2 = }^{IaF + d'^IhF + ClIcf) = J^^(a — 0^)1 cF (54) 

Therefore, 

IaF2 = '-laFl (55) 

Since Iqfo is equal to zero, EaFo must also be zero. 

EaFl = /^{EaF + dEbF + d^Ecp) = /''s[EaF + Ecf((1 + O^)] (56) 
ElaF2 = /^{^aF + d^EhF + CiEcf) = /'HEaF + Ecf{<1^ + «)] (57) 

Therefore, 

EaFl = EaF2 (58) 

The networks must be connec^d in such a manner as to satisfy 
Eqs. (55) and (58). The connections are shown in Fig. 15. 
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The voltage conditions are satisfied by connecting the terminals 
Fi and F 2 . 

laFl = ^ (59) 


Zr+Z^ 

laFi = —laFl = — y ^ W ' (60) 

Line-to-Line Fault with Fault Impedance. —The terminal 
conditions for this type fault are shown in Fig. 16. The current 
relations are the same as for the case with no fault impedance, 
^ so the problem reduces to a deter¬ 

mination of the disposition of the 
b — - - -______ fault impedance 

C- .. — laF = 0 (61) 

a b c IbF = —IcF (62) 

Eif = Ecf — IcfZf (63) 

——— 1 ^-- laFl = —/aF 2 

2^ EaFl = /'HEaF + uElF + a^EcF) 

Fig. 16. — Terminal conditions for (64) 

tenant® 

(65) 

From Eq. (53) Lf = SIaFi/{a^ — a). Substituting the value of 
IcF from (53) in (63), 

(66) 

Subtracting (64) and (65), 

SEaFl SEaF2 = (fl — OP)EhF "f" (u* — o)EcF (67) 
Substituting for Ei,f its value from (66), 

OET ^ OTP _ TP ^laFl rj \ i t TP 


= 0 

(61) 

= 

(62) 

= EcF — IcfZf 

(63) 

= ~^IaF2 


= /'UFaF + aEiF 

+ a^Ec) 


(64) 


rp _ jp Ox aFl rj 

£jhF — TjcF — 7—5 - \Lf 


SEaFl “ SEaF2 ^ (o> — d^)^^cF — 

TP — P — ^^)r 57 

X&aFl ^ J^aF2 — - ^laFldJF 


(a* — a) 


Zf 1 + (a^ — a)EcF 


■^ari ^aF'z — ^^2 _ fl) ^ J-aF\^F 

EaFl = EaF2 + IqFiZf (68) 

/aFl = ‘~~IaF2 (69) 

The necessary conditions to be fulfilled by the network con¬ 
nection are given in Eqs. (68) and (69). The connections are 
shown in Fig. 17. The voltage conditions are satisfied by con¬ 
necting the F terminals together through the fault impedance 



CALCULATION OF FAULT CURRENTS AND VOLTAGES 63 


Zf* The current conditions are satisfied at the F terminals. 
It should be observed that the negative-sequence current has a 
negative value. From Fig. 17 it is evident that the sequence 
currents can be determined from the 
expressions. 




Z1 + Z2 + ZF 
IaF2 = —laFl ' 


(70) 


_Ej_ _ 

Zi Z 2 Zy 


(71) 



THREE-PHASE SHORT CIRCUITS 

The three-phase short circuit is the 
simplest type to calculate, since not 
only the system but the fault is sym¬ 
metrical, and, therefore, no negative- 
or zero-sequence currents and voltages 
exist. The terminal conditions for a 
three-phase-to-ground fault are shown 
in Fig. 18. It will be appreciated that a three-pha^e fault on the 
symmetrical system, whether to ground or not, is the same for the 
condition of zero-fault impedance. It is evident from symmetry 
that laFi = la and 

EaF = EbF = EcF = 0 EaFl = 0 
laF + IbF + IcF = 3/j?o == 0 IaF2 = 0 


Fio. 17.—Connection of se¬ 
quence networks for line-to-line 
fault with fault impedance. 








_ 

a 

b 

c 

-F 



F 




Fig. 18.—Terminal conditions for thrpe-phase- 
to-ground fault. 



Fio. 19.—Connection of se¬ 
quence networks for three- 
phase-to-ground fault. 


The network is shown in Fig. 19. The fault current is 

Ex 
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In some cases there may be impedance in a three-phase fault. 
Such a condition might exist in a three-phase arc to ground. 
The general case would require a solution for unequal values of 
impedance in each phase at the fault. For the sake of simplicity 
it will be assumed that the fault impedance to ground per phase 
is equal in the three phases, as unsymmetrical impedances make 
the determination of currents and voltages quite complex. The 
terminal conditions are shown in Fig. 20: 

laFti = IaF2 = 0 
laF^ “ laF 

EaFl = laF^jp = laFlZp 


The network connection is shown in Fig. 21: 

laFl = laF = Zp 

The methods just described are equally applicable to analyt¬ 
ical calculations or calculating boards. The three sequence 
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Fig. 20.—Terminal conditions for three- 
phase-tooground fault with fault impedance. 



Fig. 21.—Network connection 
for three-phase-to-ground fault 
with fault impedance. 


networks may be set up simultaneously on a calculating board. 
The alternating-current board, with several sources of e.m.f. 
and resistors, reactors, and capacitors, permits the accurate 
representation of the system characteristics. The magnitude 
and phase angles of currents and voltages may be found. The 
networks are connected in accordance with the principles 
described, depending upon the type of fault under consideration. 
The phase currents are determined by the addition of the sequence 
currents at corresponding points in the three sequence networks. 
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A voltage of a particular sequence appears only in the network 
of corresponding sequence. The sequence voltages may, there¬ 
fore, be measured independently of the manner of connection of 
the networks. Since generated voltages appear only in the 
positive-sequence network, the voltage at any point in this 
network is the generated voltage minus the drop to the point 
considered. In the negative- and zero-sequence networks the 
voltage at any point is the negative of the drop from the bus of 
zero potential {T terminal) to the point. The bus of zero 
potential corresponds to the point of application of the generated 
voltage in the positive-sequence network. 

When only the magnitude of the currents and voltages are 
required, the direct-current calculating board may be used. The 
elements for representing the system characteristics are all 
resistance; therefore, the assumption that all generated voltages 
are of the same phase and magnitude and that all system- 
impedance constants have the same ratio of reactance to resist¬ 
ance must necessarily be permissible. 

Direct-current Calculating Table.—The direct-current, short- 
circuit calculating table is being extensively used to solve for 
short-circuit currents where the complexity of the system makes 
the analytical solution too laborious and involved. The system 
is set up in miniature form by connecting together a number of 
adjustable resistor units representing proportioned impedance 
values of the actual system connections. A known direct- 
current voltage is impressed between a positive bus, to which 
all resistor units representing generators are connected, and some 
point of fault. The direct-current ampere values for total cur¬ 
rent and branch currents are proportional to the instantaneous 
symmetrical short-circuit current for a particular fault point. 

The multiplier used to convert direct-current readings into 
alternating-current amperes is easily determined and depends 
upon the constants of the calculating table and the kilovolt¬ 
ampere base used. Usually a base kilovolt-ampere is selected 
which will give a multiplier of 10 or 100 on the calculating desk, 
so that the direct-current amperes can be readily converted into 
alternating-current amperes. This virtually makes it possible 
to read alternating-current, short-circuit amperes directly. 

The direct-current calculating table is also used to determine 
line-to-ground, short-circuit values. Theoretically, it would 
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seem necessary to set up three separate networks, the positive, 
the negative, and the zero sequence, and combine the results 
analytically. This would necessarily entail a large amount of 
work. A much simpler method is used which gives quick and 
accurate results. The standard 40-volt, direct-current, calcu¬ 
lating desk has a maximum of 60 volts available. For the 
determination of line-to-ground short circuits, the calculating 
desk is operated at 60 volts or 1.5 times normal. For most 
practical purposes, the positive- and negative-sequence networks 
are identical. The positive-sequence network, which is usually 
set up first, in order to obtain three-phase short-circuit values, 
may be considered to represent both the positive- and negative- 
sequence networks, each being set up at one-half value. The 
resistors of the zero-sequence network are then set up at one-half 
value for each branch. To obtain a reading of line-to-ground 
currents, it is merely necessary to connect (by a flexible con¬ 
ductor) a particular fault point on the positive-sequence network 
directly to the point in the zero-sequence network, where all 
sources of ground current are connected, and then insert the 
negative plug of the calculating table into the corresponding fault 
point in the zero-sequence network. The readings in the 
branches of the zero-sequence network will then give the residual 
current by applying the same multiplier as used for the three- 
phase study. 

Alternating-current Calculating Table.—There has recently 
been developed a calculating table ^ which uses alternating current 
and has provision for setting up a miniature system so as to 
include resistance, reactance, and capacitance of each branch 
circuit of a network. Generating stations are represented by 
separate sources of power, and means are provided so that the 
actual voltages and phase angles are reproduced accurately. 
This calculating desk is required only for very special relay 
applications. It applies particularly where resistor grounds are 
used or a combination of solid and impedance grounds. The 
direct-current calculating desk gives sufficiently accurate data 
for the great majority of relay applications so that the more 
complicated alternating-current calculating desk need only be 
used where special problems are being studied. 

^ Travbbs, H. a., and W. W. Pabrbr, An Alternating-current Calculating 
Board, EUc. Jour.f May, 1930, p. 
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SIMULTANEOUS FAULTS AT DIFFERENT LOCATIONS^ 


Simultaneous faults are a random effect, occurring most fre¬ 
quently on double-circuit lines, resulting from an arc on one 
circuit carrying into the second circuit, or due to a disturbance 
initially involving both circuits at the same time. Faults at 
different locations may be the result of secondary flashovers from 
traveling waves or simultaneous lightning strokes at different 
locations. It is now a recognized fact that such faults do occur, 
and it is therefore worth while to know the methods applicable to 
the calculation of the magnitude and distribution of fault cur¬ 
rents under such conditions. 

The same general method of analysis cm be used for simul¬ 
taneous faults at different locations involving various combina¬ 
tions of conductors, as described for faults at only one point. 
If the conductors at one fault point C are designated a, 6, c, 
and the corresponding conductors at the other location D are 
a, 7 , respectively, then the symmetrical quantities at C are 
designated Fao, Vau Va 2 f hof hi and Ia 2 and those at D will be 
VaO) F«i, Va 2 f hoj hh ^a 2 . Tcii independent equations may 
be written involving the twelve unknowns. Eight of the 
unknowns can be eliminated and two equations obtained giving 
Vai and Va\ in terms of the positive-sequence currents /«! and 
and the known zero- and negative-sequence impedances. All 


quantities are considered as vectors. 

Zero-sequence Network. —When a 
ground fault occurs at two points on a 
system, the zero-sequence current in each 
fault is a function of the zero-sequence 
voltage at both points of fault. The zero- 
sequence network for simultaneous faults 
can generally be represented by an 
equivalent star (Fig. 22), in which S is the 



Fifcr. 22.—Equivalent 
circuit for zero-sequence 
network. 


bus of zero-potential and C and D are the fault points. The 


complete zero-sequence network can be reduced to this simple 


equivalent circuit by the methods outlined in Chap. IV. In 
complicated systems it is more convenient to determine the 


^ Extracted and rearranged from a paper by Edith Clarke, Simultaneous 
Faults on Three-phase Systems, Tram, A.LE.E,^ vol. 60, p. 919, September, 
1931. 
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branches of the equivalent circuit by means of the alternating- 
current or direct-current calculating table. 

When using the calculating table, the complete zero-sequence 
network is set up and three measurements made to determine the 
equivalent star network. A voltage Ve to ground is applied at 
point C with D ungrounded and S grounded and the current 
/, at 8 measured. The same measurement is made with point 
D grounded and 8 ungrounded. The third measurement is 
made for 7. at 8 with a voltage Fd to ground applied at D with 
point C ungrounded and 8 grounded. If the branches of the 
equivalent star (Fig. 22) are Co, Do, and So then we may write 

. ^ = Co + So (74) 

^ = Co + Do (76) 

•^ = Do + So (76) 


Assuming a current flow as shown in Fig. 22, the voltages at 
the fault points in terms of the two zero-sequence currents in 
the faults are 

0 - 7ao = 7ao(Co + So) + 7«oSo (77) 
0 - F«o = /«o(Do + So) + 7«oSo (78) 



Fig. 23.—Equivalent 
circuit for negative-se¬ 
quence network. 


From Eqs. (77) and (78), 

- « Do + So , jr So 

i oO = K oO-- r y aO-^ 

^00 Loo 

T Tr Co + So , jr So 

iaO = “ KaO-- “T V 

Loo Loo 


where 


Zoo == CoDo "f“ CoSo 4" DoSo 


(79) 

(80) 

(81) 


Negative-sequence Network.—The negative-sequence net¬ 
work can be reduced to an equivalent star (Fig. 23), by the same 
procedure as described for the zero-sequence network. All 
points of zero-potential are bused together at S, but it should 
be observed that this point does not necessarily represent the 
same point as in the zero-sequence system. 

0 — Fa2 = la^Ct + S 2 ) + I 0.281 
0 — Fa 2 IpiliDz + S 2 ) + Ial8l 


(82) 

(83) 
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Converting into terms of hi and lai 

+ (84) 

^22 ^22 

/«* = - + Var^ (85) 

^22 ^22 

where 

Z22 = C2D2 H" C2S2 "h D2S2 ( 86 ) 

SYMMETRICAL COMPONENTS AT TWO POINTS OF FAULT 

The relations between the symmetrical components of voltage 
and current at the points of fault are independent of the remainder 
of the system. For a single point of fault, three equations may 
be written connecting the components of voltage or current at 
the fault for different types of faults. If there are two or more 
points of fault, there will be three equations relating components 
of current or voltage at each point. Such relations for a single 
point of fault are [given in Table I. Substituting a, jS, and y 
for a, 6, and c, respectively, gives equations for a fault at point D. 


Table I. —Symmetrical Components at Point of Fa jlt foe Single 

Faults 


Refer¬ 

ence 

Type fault 

Phases 

in¬ 

volved 

Current relations 

Voltage relations 

(a) 

Single line to ground 

a 

laO =s Ia\ “ lat 

Val « -iVaO + Vat) 

(6) 

Single line to ground 

b 

laO “ lal “ laO 

Iat * olal’flal O*ioj 

F.0- -(aFao + o»V.*) 

(0 

Single line to ground 

c 

/oO dial] lal 

I at “ * dlat 

Val - - (a*Vao + aVat) 

id) 

Line to line 

&, c 

TaO =* 0; lat * —lal 

Vat - Val 

ie) 

Line to line 

a, c 

TaO 0; lat — —"dial 

lal * — 0*/o» 

Vat « oFai; Val - a*F.i 

if) 

Line to line 

a, 6 

TaO 0; lat *■ —0*/ol 
lai “ —alat 

Vat * 0«Fai; Val « dVat 

io) 

Double line to ground 

b, c 

lat =“ — (laO + lat) 

11 

N 

0 

ih) 

Double line to ground 

a, c 

Jal *= — iaIaO + 0*Ja») 

Vao *= a^Vai; Val - aFoo 
Vat « oF«j; Val - a*Vat 

H) 

Double line to ground 

a, 6 

lal » “(aUoo + aJas) 

Vao * aVai; F«1 - a*F«o 
Vat - a»Fai; Val - uVat 

(i) 

ik) 

Three phase 

Three phase to ground I 

1 

a, 6, c 
a, 6, c 

e 

1 

0 

Val - VaJ - 0 

Val — Vat — FaO ■■ 0 


General Simultaneous Equations .—Three equations giving the 
relations between components of current or voltage at each point 
of fault, two relating negative-sequence currents and voltages, 
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and two relating zero-sequence currents and voltages provide 
the ten equations necessary for the elimination of the eight 
unknowns Vao, /oo, V'aOi /a 2 , Fa 2 , and 7«2. The positive- 

sequence components of voltage at the two faults can be expressed 
in terms of the positive-sequence components of current and the 
zero- and negative-sequence impedances 

Val — klal + w/ai (87) 

Fai = nial + Hal ( 88 ) 

The coefficients niy and n depend upon the branch imped¬ 
ances of the equivalent star negative- and zero-sequence net¬ 
works and the combination of simultaneous faults. The positive- 
sequence impedance is not involved in Eqs. (85) and (86). 

Derivation of Coefficients k, Z, m, and n. Single-line-to-ground 
faults at two points, conductors a and a. 

Adding Eqs. (77) and (82), also (78) and (83) and substituting 
the relations from Table I for a single-line-to-ground fault on 
phase a gives 

Val = (Co + So + C, + S2)Iai + (So + S^)^! (89) 

Val = (Do + So + D2 + S2)/al + (So + S2)/al (90) 

Conductors h and a. 

Multiplying Eq. (77) by a and (82) by a^ and adding, also 
adding (78) and (83) and substituting the relations from Table I 
for single-line-to-ground fault on phase a and b gives 

Val = (Co + So + C2 + S2)/al + (dSo + O^S^Ial (91) 
VclI ^ (Do + So + D 2 + S2)/al + (u^So + aS 2 )Ial (92) 

Conductors c and a. 

Multiplying (77) by a®, and (82) by a, and following the same 
procedure as in the preceding case, 

Val = (Co + So + C2 + S^Ial + (a^So + dS^Ial (93) 

Val = (Do + So + Da + S2)/al + (aSo + d^S^Ial (94) 

lAne-to-line faults at two points, conductors a, c, and P, y. 

Substituting from Table I the relations for line-to-line faults on 
a, c, and b, c, in Eqs. (82) and (83), and multiplying the result, 
after substituting in (82), by a* gives 

Val = (C2 + S2)/al + aW«l 
Val *= (Do "h S2)/«l + aS2/al 


(96) 

(96) 
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F.1 


So 


Cq + So 
Si 

Ci + Si 


-I 


JOO 


-I. 


“‘Co + Si 

Zii 


ai; 


Ci + Si 


( 106 ) 

(107) 


Substituting these two equations in (105) and replacing Zqo 
and Zii by their values from (81) and (86): 

■tr _ {Co "H <So)(Co Sj) y _ So(Ci H~ Si) -h Si(Co H~ ^0) 7 

Co “I* "h Cj Si Co H~ /So H" C 2 "f* <8* 

(108) 


Adding (106) and (107) and replacing (F„o + Fas) by Fai from 
Table I (o), and Foi by its value from (108), 

V — ^(^» ^») Si(Co 4~ So) ] 

Co + /So + Ca + Si 


‘lal + 


(Do + Da + & +‘Sa) 


(So - Sa)^ 


Co + So + Ca + Sa, 


/al (109) 


Three-phase fault at C, single-Une-to-grownd fault at D on phase a. 

Substituting, from Table I (j), lao = 0 in Eq. (77) and (78), 
and F«a = 0 in Eq. (82), 


-F„o = /aoSo (110) 

— FaO = /oo(Do + So) (111) 

/«* = -/a a^a + Sa 

Substituting (112) in (83) and rearranging, 

(113) 

Adding (111) and (113) and substituting from Table I (o), 

Foi == Jai^Do + So + Da + (114) 

F„i = 0 (115) 


The values of k, I, m, and n for most fault combinations are given 
in Table II. 

Positive-sequence Network.—In the positive-sequence net¬ 
work there is a voltage Foi to ground at C and a current hi 
flowing into the fault and at point D a positive-sequence voltage 
Fai and current hi. The relations between voltages and cur¬ 
rents are given in Eqs. (87) an4 (88). These equations may be 
written in a different form: ,' 
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= (A; - n)/„, + + hi) + %r^{hi - hi) (116) 


T 7 n \T 1 + n.y , r N , W 

Val — (i — W-)7al H-o--^“l) H- 


- (/«! - /al) (117) 


2 V-^ai I *ai/ 1 2 

The last term of (116) and (117) may be ^ i , JJv 

n. 


written 


m 


-(/al - /al) 


(K-n) 

Cai'W^I (“y“) 




A general equivalent circuit for represent¬ 
ing two faults in the positive-sequence net¬ 
work is given in Fig. 24. The equivalent 
circuit is of Y form having branches _ « ® ^ , 

. Fig. 24.— General 

/I \ /i \ j I ^ "b 1 i equivalent circuit for 

(« — n), (/ — w), and I 2 l between positive-sequence 

' 7 network. 

points C, D, and F and an impedance branch 

2 paralleled by an adjustable voltage F, 

between F and ground. Equations (116) and (117) will be 
satisfied if (/«i — Jai) is forced to flow through the branch 

or if (/al - /al) flows through The 

( 771 7^1 

-2-1 will be (/al — /al) 

if the voltage F. is adjusted in phase and magnitude until the 

— 2 — ] is used, 

the current through F« must be double /ai. 


GENERAL PROCEDURE FOR CALCULATING SIMULTANEOUS 

FAULTS 

The distribution of positive-sequence currents and voltages 
may be found by using a calculating table or by analytical 
methods. In the analytical solution, equations may be written 
expressing the internal machine voltages and positive-sequence 
fault voltages Fai and Fai in terms of the positive-sequence 
impedance and positive-sequence currents of the system. If 
there are n sources of internal generated voltage, there will be a 
minimum of n unknown currents in the machines and two 
unknown currents at the fault points or a total of (n + 2), There 
will also be a minimum of \n -f-?) voltage equations. Each 
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closed loop in the system introduces an additional unknown 
current but also an additional equation, since the voltage drop 
around the loop is zero. In the equations that may be set up, 
the machine internal voltages are known or can be determined 
from the known operating conditions at the instant of fault, and 
the (n + 2 ) currents and the two fault voltages are unknown. 
With Eqs. (87) and ( 88 ) there will be (n + 4) equations and 
(n + 4) unknowns, therefore the positive-sequence currents can 
be solved for in terms of the internal voltages and positive-, 
negative-, and zero-sequence impedances of the system. The 
positive-sequence voltages can then be found from Eqs. (87) 
and ( 88 ) or from the known internal voltages, positive-sequence 
current, and positive-sequence impedance. 

Miss Clarke, in her paper, gives a general method for avoiding 
the additional equations and unknowns due to loops in the 
positive-sequence system. Let Ei, J? 2 , . . • ,En be the internal 
voltages of machines 1 , 2 , . . . , n and 7i, / 2 , . . . , /n the 
corresponding currents. Positive direction of current flow is 
considered as from the generators toward the fault: 

E\ = IlZii -+■ /2Z12 -f- * • • -f- Zn^ln + lalZic + lalZid 

E2 == I1Z2I + I2Z22 + • • • - 1 - InZ2n + IalZ2c + IalZ2d 

En = IlZnl + l 2 Zn 2 + * ’ * + InZnn + lalZnc + lalZnd 

Val = IlZcl + 72^02 +.**'+ InZcn + lalZcc + talked 

Pal = InZdl + l2Zd2 + * * * + InZdn + lalZdc + lalZdd 

In these equations the impedance constants have the values: 

Zii — when no current is flowing except h 

E 

Zin = when no current is flowing except In 

I n 

E 

Zic = 7 -^ when no current is flowing except lai 

lal 

V 

Zee = “ 7 ^ when no current is flowing except la 

lal 

V 

Zed = - 7 ^ when no current is flowing except lai 

lal 

E 

Znn = 7 ^ when no current is flowing except In 

In 

If there is a point of zero-potential in the positive-sequence 
network, such as the neutral of % shunt impedance load, there will 
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be a return path for the current when only one current is flowing 
and the impedance can be easily obtained on a calculating board. 
When there is no such neutral point it is necessary to ground one 
machine, say No. 2, to provide a return path when only one 
current is flowing. The voltage E 2 = I\Zai + • • • IaiZ 2 d then 
becomes indeterminate but can be replaced by the equation 

/l + /21 • • * , /n = lal + lal- 

The current distribution is first determined with machine 2 
grounded, E 2 = 0, and then with all machines except No. 2 
grounded. The distribution of positive-sequence currents can 
then be obtained by superposing^ the two sets of currents. 

After determining the positive-sequence currents and voltages 
at the fault points, four of the eight unknowns Fao, F«o, F 02 , 
Fa 2 , /oo, /ao, /a 2 , and 7«2 may be found using the relations in 
Table I. Two of the remaining unknowns are in the negative- 
and two in the positive-sequence system and may be found from 
Eqs. (77), (78), (82), and (83), or (79), (80), (84) and (85). 

In general the voltages at the two points of fault in the nega¬ 
tive- and zero-sequence systems will not be in phase with each 
other or with the positive-sequence reference voltage. The 
currents in the negative- or zero-sequence networks may be 
found by adding vectorially the currents due to the fault voltage 
at C with point D grounded, and the currents due to the fault 
voltage at D with C grounded. 

The current and voltage distribution in the zero-sequence 
system can be determined with an alternating-current calcu¬ 
lating table by applying Fao and Vao at points C and D, respec¬ 
tively. The distribution of negative-sequence currents and 
voltages is determined in a similar manner. 

The general method described for the calculation of simul¬ 
taneous faults at two points can be extended to cover the case of 
three or more simultaneous faults. There is little practical 
necessity for discussing this case. The effect of fault impedance 
can readily be incorporated in the equations by making use of the 
relations developed for single faults with fault impedance and 
following the same procedure as outlined for the case of zero 
fault impedance with simultaneous faults. 

^ Evans, R. D., Analytical Solution of Networks, Elec, Jour,, April, 1924, 
p. 149. 



Tabub II.—^Valxtbs of Jb, 2, m, and n to Be Sdbbtitxjtbd in Eqb. (87) and (88) for Sucultaneoub Faults at Two Points 
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CHAPTER IV 


NETWORK REDUCTION AND THE DETERMINATION OF 
CURRENT AND VOLTAGE DISTRIBUTION 

The method of connecting the sequence networks for the 
different types of faults and the analytical expressions for the 
current at the point of fault in each network has been deter¬ 
mined. From the fundamental relations of sequence quantities, 
the phase currents and voltages at the fault may be determined. 
Usually it is necessary to know the distribution of the fault 
current through the networks. The distribution of the fault 
current in each phase in all branches of the original network 
can be found only from a knowledge of the distribution of the 
sequence currents in the sequence networks. 

The following characteristics of the three sequences should 
be kept in mind: 

1. When the impedances are symmetrical in the three phases, zero- 
sequence voltage drops are produced by zero-sequence currents only; 
negative-sequence voltage drops by negative-sequence currents; and positive- 
sequence voltage drops by positive-sequence currents. 

2. Only positive-sequence voltages are generated by rotating machines. 

3. Negative- and zero-sequence voltages appear due to the flow of nega¬ 
tive- and zero-sequence currents through their respective impedances. 

4. No positive- or negative-sequence currents can flow to ground as both 
systems are balanced. 

6. The zero-sequence currents in the three phases are all in phase and 
the sum of these currents in the three phases act as though the conductors 
were connected to ground. One third the ground current flows in each 
phase. It is found in taking the summation of the three components in the 
ungrounded phase that the positive- and negative-sequence currents cancel 
the zero, thus satisfying the conditions. 

6. A particular sequence current distributes through its network inde¬ 
pendent of the distribution of the other sequence currents through their 
networks. 

The general procedure to be followed in making short-circuit 
calculations wili now be outiined. The preliminary work 
necessary is the same for the calculation of any type of fault. 
This may be outlined as follows: ' 

77 
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а. The preparation of a single-line impedance diagram showing every 
branch of the system which would influence the magnitude or distribution 
of the fault current, including generators, transformers, and transmission 
lines. 

б. The preparation of a single-line impedance diagram for the zero-, 
positive-, and negative-sequence networks. 

c. Reduction of all impedance values to some common base, either per¬ 
centage impedance on a common kilovolt-ampere base or ohms on a com¬ 
mon voltage base. 

Impedance Values.—In connection with item a above, note 
that the system impedance diagram is also the positive-sequence 
network. It is necessary to exercise care in the selection of the 
value of impedance to represent the generators. If the sustained 
value of current is desired, the synchronous reactance should be 
used; if the transient value, the transient reactance should be 
used; and if the maximum instantaneous value, the subtransient 
should be used. This matter will be discussed in subsequent 
chapters. 

The question arises whether to neglect resistance and base 
all calculations on reactance alone, or use impedance values. 
This is often a matter of judgment and depends upon the char¬ 
acteristics of the transmission circuits. On long, small-capacity 
circuits for 66,000 volts and lower, the resistance may comprise 
an appreciable part of the total impedance. In such cases, 
it is advisable to use impedance values. It should be noted 
that in combining series circuits which have different ratios of 
reactance to resistance, the use of scalar impedance values 
introduces an error. In general the ratio of reactance to resist¬ 
ance is so nearly equal for the different circuits that it is not 
necessary to use complex expressions for the calculations in 
determining short-circuit currents. 

The ratio of reactance to resistance is so high for transformers 
and synchronous apparatus that it is customary to neglect 
the resistance and use only reactance values. 

In connection with item c, short-circuit calculations may be 
made by using percentage impedance on an arbitrary kilovolt¬ 
ampere base, or by using ohms on a voltage base. If percentage 
impedance is used on some kilovolt-amperes base, the result of 
the calculations will give the magnitude of the short circuit in 
kilovolt-amperes. It is then jiecessary to find the current 
knowing the kilovolt-amperes, If the calculations are made 
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using ohms on a certain voltage base, the current will be obtained 
directly at the chosen voltage. If percentage impedance is 
used, the impedance of each part of the network, including 
synchronous machines and transformers, must be converted to 
the same kilovolt-ampere base. Likewise, if using ohms imped¬ 
ance, it is necessary to convert all impedance values to one 
voltage base. 

Reactances of machines and transformers are usually given 
as a percentage, based on the kilovolt-ampere rating of the 
particular machine. Since there will be various ratings of 
machines on any system, it is necessary to reduce all percentage 
reactances to the same kilovolt-ampere base. To convert a 
reactance of xa per cent on A kva. base to B kva. base, it is 
only necessary to multiply the percentage reactance by the ratio 
of the desired base to the original, thus: 

= Xb% (1) 


This follows directly from the fact that the short-circuit 
kilovolt-amperes for a given machine with a given reactance 
are the same for any kilovolt-ampere base. The percentage 
reactance is simply the percentage voltage drop due to the 
reactance of the circuit for a given kilovolt-ampere load. The 
percentage reactance on a given kilovolt-ampere base can be 
converted to ohms reactance on any voltage base by the formula 


V3 100 

X (ohms) = 


x(%)El 

KvalOOO 


EtVS 

x{%){Kvamy 

KvalOW 


or 


X (ohms) = 


{KVL)n0x% 

Kva 


( 2 ) 


where x is the reactance on the line-to-line voltage base KV 
or Bl. 

To convert ohms reactance or resistance on a voltage base 
Ea to the equivalent value on a ba^e Eb it is necessary to multiply 
by the square of the voltage ratio: 



80 RELAY SYSTEMS—THEORY AND APPLICATION 


*•(!)■ - *• my - ® 

Example. —^As an example, consider the calculation for three-phase faults 
on the system shown in Fig. 1 using percentage reactance and ohms react¬ 
ance, neglecting resistance. 

1. One 20,00(X"kva. generator, 12,000 volts, 12 per cent transient react¬ 
ance. 

2. On^ 25,000-kva. transformer, 12,000/66,000 volts, 7.6 per cent react¬ 
ance. 

3. A transmission line 50 miles long, 300,000 c.m. aluminum, 6 ft. equiva¬ 
lent spacing. 

PercerUage Reactance Method Using 25,000-A;t;a. Base, 

Generator reactance on 26,000-kva. base = 25,000/20,000 X 12 == 16 
per cent. 



A V 


Fig. 1.—A fault on a simple transmission system. 


From tables, the reactance of the transmission circuit = 32.7 ohms. 
Converting to percentage reactance on 26,000-kva. base by formula (2), 


xz% 


32.7 X 26,000 
(66)* X 10 


18.8% 


The total reactance to the point of short circuit is the sum 
of the individual reactances, since all are in series. 

xi + + X3 = 15 + 7.5 + 18.8 = 41.3% 


Short-circuit kilovolt-amperes = 
j _ 60,500 

66 X 1.73 


25,000/41.3 X 100 = 60,500. 
= 530 amp. 


Calculation Using Ohms Reactance on a 66-ikt;. Base. 

12 X (66)* X 10 _ ^ 

* SpOO ^ 

7.5 X (66)* X 10 

xa =-- = 13.08 ohms 

25,000 

*, - 32.7 

Xi Xa xt ~ 26.1 •f" 13.08 -I- 32.7 = 71.88 ohms 


En _ 66,000/V3i_ 

oo ““ pf-t oa » *“ OuU 


71.88 


71.88 


I amp. 
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After the preliminary work is completed, the steps are as 
follows: 

1. Determination of equivalent single impedance networks to replace the 
positive-, negative-, and zero-sequence networks. 

2. Determination of the total sequence currents at the fault. 

3. Determination of the distribution of the sequence currents in their 
respective networks. 

4. Determination of sequence voltages at any desired point by calculating 
the voltage drop in each individual network to corresponding points using 
relations developed in Chap. III. 

6. Conversion of sequence currents and voltages in each part of the net¬ 
work from common base to actual base, taking into account any phase 
shift introduced by transformer connections. 

6. Determination of actual currents and voltages in all parts of the sys¬ 
tem by combining the sequence quantities at corresponding points in the 
networks. 

In performing the operations connected with items 1, 2, and 3, 
the networks are reduced by successive simplification until 
equivalent networks arc obtained. The sequence current 
flowing out of each network to the fault is determ-ned by com¬ 
bining the networks in a manner to represent the type of fault 
considered. The distribution of each sequence current in its 
network is then determined by working back, step by step, 
through the original network reduction in reverse manner. 
If calculations are to be made for more than one type of fault 
at a particular location, it is advantageous to introduce dis~ 
tribution factors. This consists of introducing unit current in 
each network at the fault and working back through the net¬ 
work to determine the division of the unit current through the 
branches. The sequence current in any branch for any type 
fault may be found immediately by multiplying the sequence 
current at the fault for the particular network by the distribution 
factor for the branch considered. It is evident that distribution 
factors must be determined for each fault location. If only 
one type of fault is to be considered at a particular location, 
there is no advantage in the use of distribution factors. 

In making short-circuit calculations there are certain shortcuts 
which materially decrease the amount of labor in reducing a 
network to the simplest form. It is usually sufficiently accurate 
in three-phase calculations to use either reactance or scalar 
impedance values. In calculations for ground currents, if 
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the system neutrals are grounded through resistance or reactance 
to limit the current, it is necessary to use the more accurate 
solution involving complex quantities, or the alternating-current 
calculating board, otherwise the error may be excessive. How¬ 
ever, the methods applicable to network simplification hold for 
either method. 

The first step in any network analysis is to make the simplest 
possible single-line diagram showing the circuit constants 
involved in the problem. 


NETWORK REDUCTION 


When two or more impedances are connected in series, the 
total impedance is equal to the sum of the individual impedances. 
Thus, in Fig. 2, 

= Zi + -2/2 + Zz (4) 


For two or more circuits in parallel, the equivalent impedance 
is equal to the reciprocal of the sum of the reciprocals of the 
individual impedances. For two imped- 2 < 

ances in parallel, this becomes 


Zt = 


ZiZj 

Z\ -f- Zz 


(5) 


■A/wKa t * "^VAA^/V ' "—^AA/NAr—- 

Fio. 2.—Combination of impedances in series. 


L—AAA/VWS/-* 

Z2 

Fig. 3.—Combination of 

impedances in parallel. 


The current divides between the branches inversely as the 
impedances. The total current is first found and then the 
division through the various branches. For this case 


/i = 


Z\ H" Zz 


h 


Zi 

Z\ 4“ Zz 


Where there are more than two branches in parallel, it is 
convenient to determine the total equivalent impedance by a 
step-by-step process. That is, branches 1 and 2 are first 
combined and then this equivalent combined in like manner with 
branch 3, etc. 

Series-parallel circuits are combined and the current division 
determined by the method described. For example, in a circuit 
such as Fig. 4, 
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Combine Z 2 , Zs, and Z 4 , and let Z, 

„ ZsZi 


I = the equivalent 
+ Z 2 


Za + Z4 

Combine Za with Zs, and let Z 5 = the equivalent 
^ ZaZs 

= z7^z. 

The total equivalent impedance of the entire network is then 
Zt = Zi -|“ Zj + Zg 


The current division is then obtaii.ed by taking the steps 
in reverse order and tracing back the division through the 
various branches. 

The network should be carefully examined for points of 
symmetry. Any points of equal potential may be connected 
together in the network, and all branches connecting these 



Fig. 4.—Combination of series-parallel impedances. 


points entirely disregarded. This frequently results in con¬ 
siderable simplification. 

In most complex networks the simple combinations of series 
and parallel impedances will not result in simplification to such 
an extent that the problem can be completely solved. In such 
cases it is necessary to resort to the use of a solution involving 
simultaneous equations, or by substituting equivalent networks 
for certain parts of the original network. The latter method 
in general is much simpler, as solutions involving simultaneous 
equations are very laborious in problems of this type. 

Star-delta Transformation.—^The substitution of an equiva¬ 
lent star of impedances for a delta, or vice versa, is very fre¬ 
quently useful as it may permit the combination in series or 
parallel with other parts of the network which otherwise could 
not be combined. 
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In order for two networks to be equivalent it is necessary 
that the terminal conditions of current and voltage be the same 
at corresponding terminals in the networks. For any similar 
combinations of loading on the two networks, the voltage drop 
and the total equivalent impedance between corresponding pairs 
of terminals in the two networks must be the same. Therefore, 
to change a star group of impedances to an equivalent delta, 
it is necessary to set up sufficient equations expressing the 
relations of corresponding quantities in the two networks, to 
maintain the specified measure of equivalence. 



Fio. 6.—Substitution of an equivalent delta for a star group of impedances. 


The star with branches Zi, Z 2 , and Z 3 and the desired equiva¬ 
lent delta with branches Z 12 , Z 23 , Z 13 are shown in Fig. 5. The 
conditions at the terminals 1 , 2 , 3 must be the same as those at 
1', 2', 3', respectively. Loads will now be applied to the two 
networks and sufiicient equations written to satisfy the network 
relations. Assume a unit current enters terminal 1 ' and leaves 
2 ', and also a unit current enters 1 and leaves 2 . The voltage 
drop Fi/ 2 ' and F 12 between terminals l'- 2 ' and 1 - 2 , respectively, 
can be equated thus, 

JL = _1 4. 1 

V12 Z12 Ziz + Z28 


1 ^ 1 
Vi'2' Zi Z 2 


(7) 


1 _ 1 

Fi2 Fi^2' 


( 8 ) 


The voltage drop and equivalent impedance between terminals 
are the same since unit current flows. 

Since no current flows in the branch Zs, the potential of 
terminal 3' is the same as the^ junction 0. By the network 
relations, the potential of termuial 3 must be the same as 3' and 
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hence of the junction 0. If i is the portion of the unit current 
flowing through branches Zu and Z 28 ) we may write 

1(^1 + ^2) = i{Ziz + Z28) 

Zi = %Z\z and Z 2 iZ^z 

^ = ^11 
Z2 Z28 

Similarly with unit current flowing between terminals 1-3 
and 2-3 in both networks 


(9) 

( 10 ) 

( 11 ) 


1 __ 1 , 1 _ 1 , 1 
V\z Vvz> Zi-h Z3 Z18 Z12 + Z28 

also 

Zi _ Z 12 

Zz Z28 


( 12 ) 


for unit current between terminals l'-3' and 1-3. 


±^Jl - 1 - 1 I 1 

1^23 Z2 + Zz Z28 Zi2 + Zi8 

also 

Z 2 _ Zn 
Zz Z18 


(13) 


for unit current between terminals 2'-3' and 2-3. 

If the network relations are satisfied by the equations for 
this combination of loads, then the relations will be satisfied for 
all combinations of loads. 

Solving the equations for the impedance branches of the 
delta in terms of the impedance of the star we find: 

Conversion from star to equivalent delta, 



where 

Y = Z1Z2 + ZzZz + Z8Z1 

Conversely, to change the delta impedance network to an 
equivalent star. 
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where 


A 

^ Z2zZi\ 

= —/ 

A = Zi 2 + Z28 + Zti 


The substitution of a star group for a delta group does not 
result in a change of terminal conditions; consequently, as 
j far as the remainder of the network is 

JK concerned, there is no change. When 

/ \ one group is substituted for the other, 

/ \ the substituted group must be inserted 

\2|2 network with the terminals 1 , 2 , 

/ and 3 occupying the same relative posi- 

as in Fig. 6 , It will be noted in 
^ ^23 ^ substitution process that, although the 

Yiq, 6.—Equivalent terminal conditions remain the same, the 

star and delta groups of identity of junction points and branches 

uupedancea. 

To determine the division of current through the original 
network it is necessary to work back step by step through the 
derived networks to the original. Where a delta group of 
impedances is replaced by an equivalent star, the current division 
in the star is first found. When the current in two of the star 
branches is known, the current in the original corresponding 
delta branch can be found by dividing the sum of the voltage 
drops of the two star branches, with due regard to sign, by the 
delta impedance. In like manner the currents in other sides of 
the original delta are determined from the voltage drops in the 
equivalent star. Where a star group is replaced by a delta 
group, the current division, in working back through the network, 
is first found in the delta. The current in the corresponding 
legs of the star group can then be found by taking the summation 
of the delta currents at the terminal points. 

Multipoint Star-mesh Transformation.—Some networks 
are too complex to be reduced by the simplification methods 
described. The principles of tte star-delta transformation are 
readily extended to cover the; case of converting a star with 
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any number of branches to an equivalent mesh. There is no 
general transformation, however, from a mesh to a multipoint 
star network. 

Since the multipoint star impedances frequently occur in 
complex network systems, the derivation of an equivalent mesh 
will be given. The substitution of a mesh for a multipoint 
star eliminates the junction point of the star. This method 
can be applied only when the identity of the junction point 
is not required. In most cases the identity of the junction 
point is not important. In changing from a star group to a 
mesh group, the equivalent mesh will have a branch from each 



Fia. 7.—Conversion of a multipoint star group of impedances to an equivalent 

mesh. 

terminal to every other terminal. The number of branches 
in an equivalent mesh substituted for an n point star is given 

by the expression might appear that such a 

transformation would result in an equivalent mesh network 
that is more complicated than the original star because of 
additional branches. The simplification comes about by the 
elimination of the junction point in the original star. The 
result may be such that branches of the network which contained 
the star can then be paralleled with the sides of the equivalent 
mesh network which has been substituted for the star. 

Assume that the star network containing n = 5 branches 
as shown in Fig. 7 is to be changed to the equivalent mesh having 
n terminal points and 

(n - 1) + (n ~ 2) + (w - 3) + (n ~ 4) + (n - 5) = 10 

branches. 
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The points in the two networks having corresponding numbers 
are the same. The branches of the star are designated by 
single subscript and those in the mesh by double numbers. 
That is, Zi 2 in the mesh is the impedance of the branch between 
points 1 and 2, etc. 

The same method of attack may be used in determining 
Zit, 2’ig, Zi 4 , etc., knowing Zi, Zg, Zg, etc., as was used in deriving 
the delta equivalent of the three-point star. Sufficient com¬ 
binations of loads must be applied to corresponding points in 
the two networks and enough equations obtained for correspond¬ 
ing factors in the two networks to fulfill the relations between 
networks necessary for equivalence. 

The loads will be set up between terminal 1 and each of the 
other terminals in turn. Assume that a unit current enters 

at terminal 1' in the multipoint 
lamp. star (Fig. 7) and leaves at point 2'. 

4 Since no current flows in branches 

\ potentials of these 

Z |5 >7,2 three points are the same and are 

equal to the potential at the junc- 
/ tion point 0. The total voltage 

/ / drop between 1' and 2' is 

l(Zi -f- Zg). 

/ This is also the equivalent imped- 

Pjq *3 ance between the points since the 

current is of unit value. 

Circulating unit current between terminals 1 and 2 of the 
mesh, the potentials of points 3, 4, and 5 must be equal to the 
potentials of 3', 4', 6', respectively, and hence equal to each other. 
These relations must be true to fulfill the conditions for equiva¬ 
lence. Since points 3, 4, and 5 must be at equal potential there 
cannot be a flow of current in any branches connecting the 
points of equal potential. The branches connecting points of 
equal potential may be eliminated and the mesh of Fig. 7 then 
reduces to Fig. 8. Let 7i2 be the voltage drop or impedance 
between 1 and 2 and voltage drop between terminals 

V and 2'. We may write 

1 _ 1 , 1 1 , 1 
^ Z|2 ^ Ztz + Z2g ^ ^ ^ ^ ^ ^ - 


Zii + Z 24 2/16 + Z 2 


( 16 ) 
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JL = Ji. 1 

y 2* V12 ^ 1+^2 


(17) 


Each term in Eq. (16) represents a branch between 1 and 2 
and, if multiplied by its respective current, must produce a 
voltage drop equal to Vn- For example, assume the second 

term — — y - carries a part i of the unit current, then 

^13 T" ^28 


+ Z 23 ) =* l{Zi + Z 2 ) (18) 


Since points 0, 3', 4', and 5' of Fig» 7, and 3 , 4, and 5 of Fig. 8 , 
have equal potentials, 


Dividing (19) by ( 20 ) 



Z 2 Z 


Z 2 


(19) 

( 20 ) 

( 21 ) 


Also 


— = = ?ii 5= 

Z2 Z2Z Z24 Z26 


( 22 ) 


Equations may be set up in a similar manner for unit current 
entering 1 and leaving 3, 4, and 5 in turn. This gives the 
following: 

Current out at 3, 



(23) 


Current out at 4, 



(24) 


Current out at 5, 


^ _ Zn _ Zu _ Zu 
Zh Z25 Zzz Z46 


(26) 


It is not necessary to set up equations for current flowing 
in at terminal 2 and out at all other terminals, as an examina¬ 
tion of the network will show that all terminals and branches 
have been considered. Therefore, if the networks satisfy the 
equations set up, they will satisfy any other combinations. 
It is now only necessary to solve for the unknowns in terms of 
the knowns using the relations developed. 
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( 26 ) 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 


Substituting in Eq. (16) the expressions obtained in (26), 
(29), (30), (32), (33), and (34), 

_i__ _i_ri _i_ ^1^2 I_ ziZj _I_ Z jZj ~[ 

Zi-\-Zt Zi2\_ Zj(Zi + Zj) Zi{Zi-\-Zi) Z5(Zi+^2)J 

(35) 

Solving for Zu, • 

Z„.Z,Z.[l + l + l + l + ^] ( 36 ) 


Let 



substituting the value of Zn in Eqs. (26) to (34), the expression 
is obtained for all the branch impedances in the mesh network 
in terms of the star network impedances. 


Zit “ Z1Z2Y 

Z2B = Z2Z3Y 

Zu = ZiZ^Y Zu = Z,Z,Y 

Zu * ZiZtY 

Z2A — Z2Z4Y 

Zu = ZiZiY 

Zu = ZiZ^Y 

Z26 = Z2Z,Y 


= ZiZ.r 




In general to change a star,of any number of branches n into 
an equivalent general network of mesh form, take the sum 
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of the reciprocals of all the star branch impedances and deter¬ 
mine this constant. The impedance of a branch of the equiva¬ 
lent mesh network between any two points 1 and 2 of the original 
network is obtained by multiplying the constant by the product 
of the two star impedances which connect 1 and 2. 

In making a multistar mesh transformation, it may be advan¬ 
tageous to use admittances rather than impedances because 
the resultant admittances, after the transformation is made, 
parallel directly with other branches in the original network 
containing the star. The expression for admittance is as follows: 
Viy 2 / 2 , etc., is the admittance of the branches of the star and 
^ 12 , yizt etc., the branches of the mesh. Let 


then 



+ - +- + 
2/2 2/8 


J. 

Vn 


yn = 

Via = J/iJ/aA 
y\n = yivJa 


Circuits with Mutual Coupling.—Mutual coupling between 
two or more circuits sometimes appears in networks. The 




Fio. 9.—(a) Original star with mutual between two branches; (6) equivalent 
star without mutual. 


positive- and negative-sequence currents being balanced and the 
phase impedances assumed symmetrical, there is no interaction 
between the currents in two or more branches of their networks. 
In the zero-sequence network, however, there may be a mutual 
coupling of considerable magnitude between closely spaced 
parallel circuits. In simplifying a network containing a mutual 
impedance coupling, it is necessary to eliminate the mutual by sub¬ 
stituting an equivalent network containing only self-impedances. 
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A star group of impedances (Fig. 9a) with a mutual impedance 
between two branches may be replaced by a star without mutual 
(Fig. 96). 

Equating the voltage drops for unit current flowing between 
terminals 1-2, 1-3, and 2-3 of each network; 

Vrr = Z; + = Fx2 = (37) 

Vvv = Z; + Z; = Fi, = Z„ + Z. (38) 

Zj's' = Zj + ~ 2Mic = Viz = Zb -{■ Ze (39) 

Solving for Zo, Zb, and Zc in terms of Z', Zj and Z^ 

Z. = Z; + Mu) 

Zb = Z'b - Mu\ (40) 

z. - z; - Mu) 

If the original network consists of only two branches Z'b and 
Z' with mutual impedance between them, then Z' = 0 and in the 
equivalent star Za = Mu- The other terms are unchanged. 



Fiq. 10.—(a) Original star with mutual between each pair of branches; (6) 
equivalent star without mutuals. 

A three-point star such as Fig. 10a with mutual impedance 
between adjacent branches can be replaced by a three-point 
star without mutual impedance (Fig. 106). The derivation 
of the conversion will not be given, as the same methods are 
used as in the previous example. 

Za ^ — Mab — Mea + Afftcl 

Z, - z; - Mu - Mob + Mca\ (41) 

Zc = z; - Mca - Mu + Mab) 

A delta group of impedances containing a mutual impedance 

between two branches (Fig^. 11a) can be replaced by a delta 
without mutual impedance ^Fig. 116). 
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^ _ Z’SZi + ZD + MUMac - 2ZD\ 
Zl+Z'- Mac 

= z* > 

^ Z'(Z^ + Z') + MaciMae - 2Z0 

~ ZJ + Z' - ilfac 


(42) 


Example of System Short-circuit Calculations.—In order to 
demonstrate the application of the method of symmetrical 
components to the determination of currents and voltages during 
short circuits, an example will be worked out for the four t 3 rpes of 
faults. The system chosen for calculation is shown in Fig. 12a 
consisting of a hydroelectric generating station having generators 
A and B and a steam station with generator F. The two stations 
are connected by two 110,000-volt transmission circuits. 




Fig. 11. — ip) Delta group of impedances with single mutual; (6) equivalent 
delta without mutual. 


The apparatus is assumed to have the following characteristics: 

Station 1 

Generator A, 60,000 kva., 12,000 volts; transient reactance 40 per cent, 
negative-sequence reactance 26 per cent. 

Generator B, 20,000 kva., 12,000 volts; transient reactance 35 per cent, 
negative-sequence reactance 25 per cent. 

Transformer C. 50,000 kva., 12,000 volts delta to 110,000 volts star, 
solidly grounded neutral, 8 per cent reactance. 

Transformer D. 20,000 kva., 12,000 volts delta to 110,000 volts star, 
ungrounded neutral, 8 per cent reactance. 

Station 2 

Generator G. 26,000 kva., 12,000 volts; transient reactance 20 per cent, 
negative-sequence reactance 15 per cent. 

Transformer E. 60,000 kva., 12,000 volts delta to 110,000 volts star, 
solidly grounded neutral, 8 per cent reactance. 

Line 1. 60 miles long, reactance per ipile 0.8 ohm, 110,000 volts. 

line 2. Same as line 1. 
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The zero-sequence reactance is assumed to be three times the 
positive-sequence reactance for the transmission lines. 





j30 j90 


I-vvvvv v^vvvvvv- 1 

"(d) 

Flo. 12.—(a) Single-line system diagram; (6) positive-sequence network; (c) 
negative-sequence network; (cO zero-sequence network. 

The accuracy desired in the calculations is such that the 
following assumption can be made: 

1. All generated voltages are equal and in phase. 

2. The resistance components are neglected, and lumped reactance con¬ 
stants used. 

3. The faults occur with no load the system, and transformer magnetiz¬ 
ing shunt admittance and transmilssion-line capacitance is neglected. 
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4. The transmission circuits are separated by a sufficient distance that 
the mutual impedance between lines for zero-sequence currents can be 
neglected. 

These assumptions are the same as are usually made when 
using the direct-current calculating table. The scalar impedance 
could be used just as readily as reactance. 

All faults will be considered as occurring on line 2 at one-fourth 
of the distance from station 1 to station 2. The first step is to 
reduce all reactances to a common base. For this case the 
reactances will be converted to ohms on 110-kv. base. 

0.40 (110,000)2 , 

° " 50,000,000 = 

Xb = 212 
Xc = 19.3 
Xd = 48.4 
xe = 16.1 
xa = 96.7 

The impedance networks for the positive, negative, and 
zero sequences are then set up in single-line fo. m Fig. 126, 
c and d, respectively. The negative-sequence network is the 
same as the positive except for the value of reactance used for 
the generators. Transformer D does not appear in the zero- 
sequence network because the neutral is ungrounded. The 
zero-sequence reactance of the generator does not appear in the 
zero-sequence network because the delta low-voltage windings 
of the transformers effectively block the flow of zero-sequence 
currents. 

The next step is to reduce the positive-, negative-, and zero- 
sequence networks each to a single equivalent impedance. 
Since more than one type of fault is to be calculated for the 
same fault location, it is also desirable to work back through 
the networks to determine the current distribution factors for 
the branch currents in the three networks. The current distri¬ 
bution factor for any branch of any network is the ratio of the 
current in that branch to the current at the fault in the same 
network. The most convenient method to determine the 
distribution is to assume unit current flowing out of each network 
at the fault and work back through each network to determine 
the distribution of the unit current in the various branches* 
After the total currents at the fault in the sequence networks 



96 RELAY SYSTEMS^-THEORY AND APPLICATION 


are determined by the proper combination of the network equiva¬ 
lent impedances, all that is necessary to find the current in any 
branch is to multiply the total current at the fault in the particu¬ 
lar network by the distribution factor for the branch considered. 
After the sequence currents at the fault and the distribution 
in the networks are found, the phase currents, sequence voltages, 
phase voltages, and line voltages may be readily calculated. 

Network Reduction.—Consider the reduction of the positive- 
sequence network Fig. 126. This network is redrawn and shown 



(c) 


Fig. 13.—Poeitive-sequence network reduction and unit-current distribution. 


in simplified form in Fig. 136, the generator and transformer 
reactances of each branch being combined. Figure 136 is 
reduced to 13c by paralleling the two reactances on the left and 
substituting an equivalent group of star reactances for the 
delta. The equivalent star is shown dotted in the delta of 
Fig. 136. The equivalent star branches are calculated by means 
pf Eqs. (14). Thus, 



,, _jl0Xi40 

j80 

,, _i40.jXj30 
iiSO 


= i5 
= il6 
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^ _j30Xjl0 

jSO 


j3.76 


The star of Fig 13c can be changed to 13d by adding the 
series reactances. Paralleling the reactances of 13d and adding 
the series reactances of 13e, the final equivalent impedance is 
shown in 13/. 

Unit-current Distribution.—^The distribution factors for the 
positive-sequence network can now be found by assuming unit 
current flowing out of the network into the fault and working 
back through the network. The determination of the dis¬ 
tribution is self-evident from an inspection of Fig. 136, c, d, e, and 



(cl 

Fig. 14.—Negative-sequence network reduction and unit-current distribution. 


/. The current in the delta of 136 is found from the current 
in the equivalent star by making use of the fact that for equiva¬ 
lence the potential drop between terminals must be the same for 
the star or delta. Thus, equating the drop between two ter¬ 
minals of the star and dividing by the corresponding delta 
impedance gives the delta .current. For example, the current 
in the right-hand side of the delta (Fig. 136) is equal to 


1.0 X j3.75 + 0.4002 X il5 
jSO 


0.325 amp. 


The currents in the other sides of the delta may be found similarly 
or by equating the currents a£ the Junction points. 
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The reduction of the zero- and negative-sequence networks 
and the determination of their distribution factors are accom- 

nciiAA A Arilo 



(c) 


Fia. 16.—Zero-sequence network reduction and unit-current distribution. 


plished in the same way. The steps for the negative- and zero- 
sequence networks are shown in Figs. 14 and 15, respectively. 

Single-line-to-ground Fault on 
(^2/1 Phase a Sequence Currents.—The 
positive-, negative-, and zero- 
11, sequence equivalent impedances are 

Z,»j54.88 connected in series for determining 
the fault current for a single-line- 
to-ground fault as shown in Fig. 
[iz 16, The sequence currents at the 

Z 2 *j 42 53 ffl-ult are given by the expression 

r - r - r 

1 ^oO *ol"“-*a2““rr|Ari/T 

T Zo -h i&i + Z2 


Ne 0 afive Sec(uence< 


Zero S«c(uence||lo 


= — 


All impedances are based on the line 

Fio. i 6 .-ConnecUon of equiv- Voltage of 110 kv. ;therefore the volt- 
alent impedances for single-phase- age to neutral Ea is 63,584. If 
to-ground fault. position of the voltage vector 


Ea is taken along the imaginary axis, i.e., Ea = jEaj since the 
impedances are all reactance, th€ currents will all be real. The 
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facility of this device is that the algebraic operations are simpler. 
tty ^63,584 AO£tm 

laO - lal - Ia 2 - ^‘(54 gg ^ 42 53 4. 33.2I) “ 

The assumed direction of current flow in the three networks 
is toward the fault. The distribution of the fault current 


20].96 

^36.6 

194.8 

9a 

32a57 158.2 

)n 

(a>P« 

4a6.77|^ 

isifive Sequence Currenl Distribufu 


217.49 

30.28 

182.24 

67. q3 

334.^8 151.97 



' 486 . 77 I 

1 


(b) Negoifivc Sequence Current Distribution 


311.73 

1 26.67 1 

17S.04 


338.^ 

^148.37 


486.77| 



(c) Zero Sequence Current Distribution 

Pio. 17.—Current distribution in the three sequence networks for single-line-to- 

ground fault. 


in any network is found by multiplying the current in that 
network at the fault by the distribution factor for the particular 
branch. Thus the current in the left-hand faulted branch of the 
positive-sequence network (Fig. 136) is 

486.77 X 0.675 = 328.57 amp. 
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The distribution of all sequence currents can be found in like 
manner. The complete system is shown in Fig. 17o, h, and c. 

Phase Currents. —^The current in the two unfaulted phases 
at the fault is zero. 

/.. = 3 X 486.77 = 1460.31 

/» = (1 + O® + 0)/ai = 0 

/« = (1 + a + a})Iai = 0 

The phase currents at any point in the system may be found 
from the relations 

la — laO + lal + lai 

Ih = laO + CL^Ial + o/a* = lad — O.S(Ial + lat) — 

j0.866(7„i - lai) 

la = 7o0 + 0,lal + a*7oS = lai — 0.5(7ol + la^ 

+ i0.866(7„i - lai) 

For example, referring to Fig. 17, the current flowing in the 
faulted line from the left-hand bus is 

la = 338.4 + 328.57 + 334.8 = 1001.77 

It = 338.4 - 0.5(328.57 + 334.8) - j0.866(328.57 - 334.8) = 

+6.72 + i5.39 

la = 6.72 - i6.39. 

The residual current at any point is equal to the vector sum 
of the three-phase currents and is also equal to three times the 
zero-sequence current: 

7* = 7. + 7» + 7« = 1015.21 
7« = 37ao = 3 X 338.4 = 1015.20 

The complete phase-current distribution is shown in Fig. 18. 
Actual Currents.—All currents found thus far have been in 
terms of the 110-kv. voltage base which is the voltage of the 
lines upon which the faults occur. The currents in passing 
through the transformers are changed in magnitude due to the 
turn ratio and in phase angle by the delta-star winding con¬ 
nections. The actual currents on the 12-kv. side of the trans¬ 
formers can be found from the relations 

I'a = n(It - la) 

li = nih - la) 

I'a = nila - It) 
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Consider generator A and transformer C, The transformer 
turn ratio n = 63,684/12,000 = 5.30. The current in the 
lines on the delta side of the transformer in terms of 12,000 volts 
is: 

= [(102.01 + jl3.45) - (102.01 - jl3.45)]5.3 = +il42.57 
= [(102.01 - il3.45) - (731.18)]5.3 = -3334.6 - ^71.28 
/; = [(731.18) - (102.01 + il3.45)]5.3 = +3334.6 - i71.28 

The currents on the low-voltage side of the other transformers 
are found in a similar manner. The phase currents in all parts 
of the circuit are shown in Fig. 18. The symmetrical com- 



Fig. 18.—Phase-current distribution for single line-to-ground fault. 


ponents of the currents on the 12-kv. side of the transformers 
could have been found by the relations of Chap. II and these 
components combined to find the phase currents and the same 
results obtained. 

The currents in the delta winding of transformer C are: 

= nia = 5.3(731.18) = 3875.2 
= nh = 5.3(102.01 +il3.46) = 540.6 +i71.28 
/' = nic = 5.3(102.01 -il3.45) = 540.6 -^71.28 

Phase-sequence Voltages.—^The phase-sequence voltages at 
any point in the network may be found after the distribution 
of the current in the network is determined. For example, 
the positive-sequence voltage to neutral at the left-hand high- 
voltage bus is equal to the positive-sequence generated voltage 
minus the drop due to the positive-sequence current flowing 
through the generator and transformer, 

Ki “ i63,584 - 201.96 X ill6 = +j40,167 
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Since no generated negative- or zero-sequence voltages exist, 
the negative- and zero-sequence voltages at the bus are merely 
the negative drop to the point considered: 

= 0 - 217.49 X i79.8 = -jl7,355 
= 0 - 311.73 X il9.3-j6016 

Phase Voltages. —^The phase voltages are foimd by com¬ 
bining the phase-sequence voltages: 

= +il6,786 

K = -Kao + - OMEU + E^,) - 

i0.866(^'i - E^^ 

« -6016 - 0.50'40,167 - jl7,356) - 

i0.866C;40,157 -|- il7,355) 

= 49,805 - jl7,417 

jB; = EU + aEU + a^EU = E^o - 0.5{EL + O + 

i0.866(^', - E^^ 

= -49,805 - il7,417 

Voltages at the fault: 

E" = i40,157 - 328.57 X^IO = -f-j36,872 
Eat = -il7,355 - 334.80 X jlO = -^20,703 
Eao = -j6016 - 338.4 X i30-^16,168 

K = 0 

E'^ = 49,860 - i24,252 
E'' = -49,860 - j24,252 
Line voltages at the fault: 

= E'’ - Bfi = -99,720 


E^L = K' - E^c = 49,860 + j24,252 
E'^ = E'^ - K = 49,860 - i24,252 

Line-to-line Fault, Phase b to c.—The zero-sequence network 
does not enter the line-to-line-fault calculations. The same 
equivalent positive- and negative-sequence impedances are 
used as for the single-line-to-ground case. The impedances 
are connected as shown in Fig. 19. It is important that the 
positive direction of current flow be as shown. It will be 
observed that the negative-sequence current is equal to the 
positive but is of negative v^ue. 
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The sequence currents at the fault are 

, _ j63,584 j63,584 

y(54.88 + 42.53) j97.41 

hi = -lai = -652.72 
laO ~ 0 

Phase currents at fault: 


652.72 


/a = 0 

It = a!*(652.72) - a(652.72) = (a* - o)652.72 = -jll29.2 
Ic= (a - a*)652.72 = +jl 129.2 



Fio. 19.—Connec¬ 
tion of equivalent im¬ 
pedances for line-to- 
line faults. 


The sequence-current distribution is found 
in the same manner as previously described. 
The sequence currents are shown in Fig. 20. 


29163 
lal 270.81 

left . 40.6 
l2l 49.0B 

Ie,2-244.38 
lal 261.22 

Ia2-H6i7 

lai 

1^,-448.94 I-o -203,78 

lal 4+0.58 lai 212.15 






F 

Flo. 20.—Sequence-current distribution for line-to-line 
fault. 


Voltages at left-hand bus: 

E'l = j63,584 - 270.81 X ill6 = -t-i32,170 
= 0 - (-291.63)j79.8 = +^23,272 
Ko-0 


E'^ = j32,m + j23,272 = -)-i55,442 

E't = -0.50‘32,170 -I- i23,272) - iO.8660’32,170 - i23,272) = 

-t-7705 - i27,721 

= -7705 - ^27,721 


Voltages at the fault: 

E'^i = -fi32,170 - (440.58)jl0 = -|-i27,765 
= -|-j23,272 - (-448.94)jl0 = +j27,761 
S" = -l-i55,526 

K -i27,763 

E'J = -i27,790 
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Line voltages: 


= 0 

= +i83,316 
JSTc' = -J83.316 


Dooble-line-to-ground Fault, Phase h to c.—The equivalent 
impedances for this type of fault are connected as shown in 
Fig. 21. The negative- and zero-sequence currents are both 



Fig. 21.—Connec¬ 
tion of equivalent 
impedances for double- 
line-to-ground fault. 


negative for this case. The sequence currents 
at the fault are: 

i63,584 


■/.. oo , SS-21 X 42.® 

+ —tSjT 


) 


j63,584 


/.s = 


i(54.88 -I- 18.649) 
Zq 


= 864.75 


Zo -f- Z2 


= (-864.75)||g = -379.16 
ho = = -485.60 


The sequence-current distribution is shown in Fig. 22. 


Ie,o-310.98 

la\ 358.78 

Iao*26.6 

K2-23.58 

iViiS 

I;2-W1.9S 

4Si346 

lSr*67.T? 

I„o-3j7.S9 rao-<4« 

Io,»-260.77 Ia2-«8.37 

IflL.SiS-7 JSi.28I 




r" i 


Fig. 22.—Sequence-current distribution for double-line-to-ground fault. 


The phase currents at the fault are: 

/. = 0 

h -485.6 -t- a*(864.7) -|- o(-379.1) = -628.4 -^1077.1 

h * -628.4 + jl077.1 

Voltages at the left-hand bus: 

Ki = i63,684 - 368.78 X ill6 = -|-j21,966 
K* = 0 - (-169.4)i79.8 != -|-il3,518 
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Ko=‘0- (-310.98)il9.3 = +j6002 
• K = +i41,486 
K = +7316 - ill,740 
K = -7316 - ill,740 

Voltages at fault: 

Ki = i21,966 - 583.7 X ilO = +il6,129 
Ki = +il6,125 
= +il6,129 


= +i48,383 

K = 0 

S': = 0 
Line voltages: 

= 0 

K = +i48,383 
-i48,383 


Three-phase Short Circuit.—Only the positive-sequence equiv¬ 
alent impedance is involved for this case. 


hi 
I ai 

h 

h 

h 


_ i63,584 
i54.88' 
= JoO = 0 
= 1158.6 


= 1158.6 


= -579 - il003 

= ah = -579 +il003 


The current distribution is shown in Fig. 23. 


480.7 

.^ 87 ^ 

463 .^ 


m.s 



* 


Fig. 23.—Current distribution for three-phase fault. 

The voltage at the left-hand bus is: 

Ki = i63,584 - 480.7 Xill6 = -i-i7823 
Ki = -Elo = 0 

The sequence voltages, phase voltages, and line voltages are 
all 2ero at the fault. 



CHAPTER V 


DETERMINATION OF PHASE-SEQUENCE CONSTANTS 

OF TRANSFORMERS AND AUTOTRANSFORMERS 
AND THEIR CONNECTIONS IN THE SEQUENCE 
NETWORKS 

TWO-WINDING TRANSFORMERS 

In the determination of the sequence-impedance networks 
for calculating fault currents it is necessary to substitute equiva¬ 
lent impedances to represent transformers. The positive- 
and negative-sequence impedances of transformers are the same, 
since phase symmetry can usually be assumed. The trans¬ 
former is a static device; consequently its impedance is not 
influenced by the phase sequence of voltages and currents. 
The positive- or negative-sequence equivalent impedance of a 
transformer is exactly the same as the ordinary equivalent 
impedance with all values reduced to a common base. In 
general, for short-circuit calculations, the mutual or magnetizing 
impedance of the transformer may be neglected, as the magnetiz¬ 
ing current is negligible in comparison with the fault current. 
The equivalent impedance of the two-winding transformer can 
be represented by two series impedances, one for the high- 
voltage and one for the low-voltage winding. Each of these 
impedances represents the separate leakage reactance and 
resistance of the individual windings. Actually it is not neces¬ 
sary to determine the separate impedances, as the equivalent 
impedance is equal to the sum of these impedances. The 
equivalent impedance is simply the impedance measured by 
short-circuiting one winding and applying a voltage to the 
other, of such value as will produce full-load currents in both 
windings. 

The zero-sequence impedance of a circuit involving a trans¬ 
former depends upon the external connections from the trans¬ 
former to the remainder of the circuit. If no neutral connection 
is present there is no path for the flow of zero-sequence currents 

106 
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to earth, and consequently the impedance is infinite. The 
equivalent zero-sequence impedance of a transformer can be 
represented in the same manner as the positive and negative 
impedance, but the connections to the external circuit in the 
equivalent network may differ. 

In order to obtain a thorough understanding of the representa¬ 
tion of transformers in the sequence-impedance networks it is 
convenient to resort to a consideration of the fundamentals of 
coupled circuits. Consider the two-winding transformer of 
Fig. 1.1 H and L are the high- and low-voltage windings. 



Fig. 1.—tleprescntation of two-winding transformer. 

respectively. In this discussion a one-to-one ratio of trans¬ 
formation will be assumed for simplicity. The following 
terminology will be used: 

Lu — self-inductance of high-voltage winding. 
Ll = self-inductance of low-voltage winding. 
Lul — mutual inductance between H and L 
winding. 

Znn — Rh + j(aLH = self-impedance of H winding. 

Zll — Rl + jtaLL = self-impedance of L winding. 

Mhl — joiLuL = mutual impedance between H and L 
windings. 

le == exciting or magnetizing current. 

Assuming a current flow as in Fig. 1, the following equations 
may be written for the terminal voltages: 

F// = Zffffli + MhlI2 (1) 

Fl = ZllI^ + MhlIi (2) 

The difference between the terminal voltages is the effective 
impedance drop. 

Vff — Fl = (Zhh — Mhl)Ii — (Zll — Mhl)I2 (3) 

^ Dahl, O. G. C., **Electric Circuits,” vol. I. Short-circuit Calculations 
and Steady-state Theory, p. 38, MqGraw-Hill Book Company, Inc., 
New York. 
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The sum of the currents in the two windings must be equal 
to the exciting current. 


+ ^2 = 


(4) 


An examination of Eqs. (3) and (4) will show that the two- 
1 , I, winding transformer can be represented 

by an equivalent T circuit. The leak¬ 
age impedance of the H winding is 
{Zhh — Mhl) and that of the L wind¬ 
ing is {Zll — Mhl). These are the 


I 

Vh 



■ I 




__ ^ j separate leakage impedances of the 

Fig. 2.— Representation of two windings and make up the two 
two-wmding transformer with anjis of the T equivalent circuit 
equiv en circui . pillar impedance, which 

carries the exciting current, is obtained by the relations 


Zm = 


Vh — {Zhh — Mhl)Ii 


(S) 


Substituting the value of from Eq. (1) in (5) gives 

= M,, (6) 

I e 

Equation (6) shows that the pillar impedance is the mutual 
impedance between windings. This term is purely reactance 
since the classical equations for coupled circuits do not include 
the effect of core losses This effect may be taken into account 
by the addition of a resistance component to the pillar impedance. 

In calculating short-circuit currents the exciting current 
can be neglected since it usually does not exceed 5 per cent of 
the full-load current. In this case, Eq. (4) becomes 

/i + /2 = 0 

or 

h = -h (7) 

Substituting Eq. (7) in (3) gives 

Vl = I\{Zhh — Mhl) + {Zll — Mhl)Ii — 

{Zhh + Zll — 2MHt)Ii (8) 

The equivalent circuit then reduces to that shown in Fig. 3. 
Now (Vk — Vl) represents tlje impedance drop through the 




DETERMINATION OF PHASE^SEQUENCE CONSTANTS 109 


transformer. Assume the L winding is short-circuited, then 
7 l = 0. Therefore, 


Vh ^ {Zhh + Zll 2Mhl)Ii == ZhlIi 


(9) 


It is evident that Zhl = (Zhh + Zll - 2Mhi) is the equiva¬ 
lent impedance of the transformer. 

The representation of the two-winding transformer impedance 
in the positive-, negative-, and zero-sequence networks can now 
be derived. In the following discussion the approximate 
equivalent circuit of Fig. 3 will 


If 




“T 

Ml 

..i.. 

Fig. 3. —Equivalent circuit for two- 
winding transformer neglecting mag¬ 
netizing current. 


.Ji¬ 


be used, the exciting current 
being neglected. However, the 
voltage E^j which would exist 
if the exciting current were 
present owing to the flux in 
the core, will be assumed to 
exist. This approximation will 
simplify the derivation without detracting from the value of the 
results because of the negligible effect of the exciting current. 

Consider the star-delta connected transformers shown in 
Fig. 4. Assume for simplicity that all constants are expressed 
in terms of the high-voltage star-connected winding in the usual 
manner by multiplying self-impedances by the square of the 




turn ratio and mutual impedances by the direct ratio, i.e., 
if each transformer has the constants of Fig. 2 and all impedances 
are in terms of the H winding, the actual impedances in ohms 
are Zli/u^i MblIti, and Zhh. In Fig. 4 it is assumed that the 
transformers are single phase and have identical electrical 
characteristics. The notation used in Fig. 4 is self-explanatory 
and is consistent with that previously used. The following 
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general equations^ may be written expressing the terminal 
voltages. 

VHa — {Zaa — Mah)Ia "I" 

Vai. = (Z HH — Mhl)!}} 4" -^06/ 

V He (ZhH — Mhl)Ic + E^c) 

VLa = (ZlL - + EJ) 

VLb ^ (ZlL — Mhl)Ib E^\ 

VLe ^ (ZlL — Mhl)Ic 4” E^e) 

VHa VLa = Znla ZlI'a) 

V Hb V Lb = Znlb ZlIb( 

Vhc - Vlc - ZhIc - ZlI'c) 

where 

Zh = {Zhh — Mhl) 

Zl = (Zll — Mhl) 

Zh + Zl — Zhl leakage impedance 

Equations (10), (11), and (12) are perfectly general and 
hold for both the actual quantities and the phase-sequence 
components of voltage or current. This is evident, since the 
transformer is assumed to be symmetrical; consequently, currents 
of positive, negative and zero sequence produce drops of cor¬ 
responding sequence only. 

The equivalent circuit for any transformer connection may be 
obtained for any particular sequence by circulating current 
of that sequence through the transformer. Consider the positive- 
sequence impedance of the transformer in Fig. 4. Assume 
only currents of positive sequence are circulated in the H winding 
by applying a positive-sequence voltage to its terminals. Then 

la ~ lal VHa ^ VHal 

= /ll VLa = VLal 

la = lal 


( 10 ) 

( 11 ) 

( 12 ) 


Substituting in the first equation of (12), 

VHal = l^Lal 4 * Znlal ZlIaI ( 13 ) 

Sut Iai ~ lal} 

^ This method of introducing the voltage E 4 , due to the flux in the core was 
presented by W. V. Lyon, Trans. A.I.E.E.y 1925, p. 318, in discussing a paper 
by A. Boyajian, Theory of Three Chteuit Transformers, Trans, A,I,E,E.^ 
1924, p. 608. \ 
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80 Eq. (13) becomes 

Vital = + ZniJal (14) 

and 

7 VhoI — V l,al 

^HL 

Equation (14) indicates that the positive-sequence impedance 
of the transformer on the ff-winding base is the ordinary leakage 
impedance referred to the H winding. Therefore, Zhl may be 
inserted in any positive-sequence network to represent a two- 
winding transformer or autotransformer. The negative-sequence 
impedance will be the same, since the transformer is a static 
device and is unaffected by phase sequence. 

The zero-sequence equivalent circuit may now be determined 
by applying voltages of zero sequence to the terminals a, 6, 
and c of Fig. 4 and circulating zero-sequence currents through 
the windings. For this case the following expressions may be 
written: 

V^a = VhH = Vhc - VbO (15) 

- /b = /c = lo (16) 

IA = Ib -la = -lo (17) 

From Eq. (17) it follows that 7' = /^ = 7' = 0. 

This shows that no zero-sequence currents flow in the lines 
a', 6', c', due to zero-sequence currents in the lines a, 6, c. This 
holds irrespective of the terminal conditions of the lines on the 
delta side. It therefore follows that 

Vlu = Fl5 = Flc = 0 

VLa + Vl^ +Vlc^0 (18) 

Making use of the first equations in (10) and (11), expressions 
for the zero-sequence terminal voltages are obtained: 

Fj?0 = (ZhH MuL)IaO + -^00 (19) 

VLO = (Zll •“ Mhl)Iao + E^o ( 20 ) 

From Eq. (18), Flo = 0. 

therefore E<l>o = —(Zll — MnL)Iso (21) 

Substituting (21) in (19) gives 

Vao = (Zhb — Mbl)Ici0 {Zll Mbl)Iao 


( 22 ) 
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Therefore (22) becomes 

VbQ — {ZbB “t" Zt4L — ^MhL^IoO ~ ZblIoO 
r — 

"* aO rj 

^HL liHL 

Equations (23) and (24) are independent of delta voltages or 
terminal conditions. Since no zero-sequence currents can flow 
from the external circuit to the delta or vice versa, the equivalent 
circuit on the delta side is open as shown in Fig. 5a. The 
currents /« + /& + /c = 3/o flow from the neutral, so the equiva¬ 
lent circuit on the star side must be connected to ground. The 
complete zero-sequence equivalent circuit for the delta-grounded 
star connection is shown in Fig. 5a. 

The currents circulating in the delta are compensating currents 
for the currents in the star, which are all in phase. Since the 
zero-sequence currents meet the impedance of both windings, 
in the zero-sequence network the ground or To terminal should 
be shown on the delta side of the transformer. 

It is evident from Eq. (23) that, when the transformer is con¬ 
sidered without reference to the external circuit, the zero- 
sequence impedance of the transformer is the same as the positive 
and negative. 

Figure 56 is similar to 5a except that a neutral impedance is 
connected between the neutral of the star and ground. The zero- 
sequence impedance of an impedance in the neutral connection 
is three times the ordinary value. Therefore, in the zero- 
sequence network, this impedance will be represented by an 
impedance of three times its ordinary value inserted in the 
ground connection. 

The representation of a delta-delta connection follows from the 
delta-star. In the case of a delta winding, the delta allows the 
flow of ground current by providing compensating currents; 
therefore, the zero-sequence connection of the equivalent circuit 
is a ground on the delta side of the equivalent impedance. With 
two deltas, therefore, there is a ground connection for each delta 
on respective sides of the equivalent delta. However, there 
can be no flow of zero-sequence currents from the delta to the 
external circuit or vice versa, and therefore there must be an open 
circuit in the zero-sequence netwprk between the deltas and the 
external circuit The connections are shown in Fig. 5c. It is 


(23) 

(24) 
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evident that the delta-delta connection effectively blocks the 
flow of zero-sequence currents. 



The connections for a star-star transformer with both windings 
grounded are shown in Fig. 5d. There is a path for the flow of 
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zero-sequence current through both the high- and low-voltage 
windings since there is a neutral connection for each winding. 
If there is a path for the flow of zero-sequence currents through 
the external circuit on both sides of the transformer, zero- 
sequence currents can flow through the external circuits and the 
transformer windings. However, there can be no circulation 
of compensating currents within the transformer as was the case 
for the star-delta connection. The representation of the equiva¬ 
lent circuit requires a through feed of zero-sequence current from 
the external circuit on one side of the transformer to the external 
circuit on the other. Obviously, unless there is a path for the 
flow of zero-sequence current in both external circuits, there can 
be no flow of zero-sequence current in the transformer. This 
follows from the fact that no compensating currents can cir¬ 
culate in the transformer winding itself. Therefore, there must 
not be a ground connection in the equivalent circuit representing 
the transformer in the zero-sequence network. The equivalent 
circuit is shown in Fig. 5d. The requirements are fulfilled by 
this circuit, since, if there is no path for zero-sequence currents 
in one of the external circuits, then the connection of the trans¬ 
former terminal on that side will be open thus effectively blocking 
the flow of all zero-sequence currents through the transformer. 

In case there is an impedance in either or both neutrals of the 
star-star connected transformer, the equivalent circuit will be 
as shown in Fig. be. The zero-sequence current in passing 
through the low-voltage winding will encounter the winding 
impedance and the neutral impedance, and the same holds for 
the high-voltage winding. This is represented by placing an 
impedance equal to three times the /^winding neutral impedance 
in series with the L winding, and an impedance equal to three 
times the H-winding neutral impedance in series with the H 
winding. The neutral impedance does not appear in the positive- 
or negative-sequence equivalent networks since these currents 
are symmetrical. 

The circuits for a star-star ungrounded transformer and a 
star-star transformer with only one winding grounded are shown 
in Fig. 5/ and g. There is no complete path for the flow of zero- 
sequence currents in either case. 

The equivalent circuits for, the delta-star transformer with 
ungrounded neutral is shown in Fig. bh. Since there is no 
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ground connection to allow the flow of zero-sequence current, 
the terminal of the equivalent impedance on the star side is 
shown open. 

In Fig. 5i is shown the circuit for the zigzag or interconnected- 
star grounding transformer. Each phase of this type of trans¬ 
former has two separate identical windings on the same core. 
The individual windings are interconnected between phases. 
The transformer is used to establish a grounded neutral for a 
system and supply ground current during faults. When a 
ground fault occurs, equal zero-sequence currents flow in all 
phases and all are in the same direction. The connections are 
such that the currents in the two windings on the same core are 
in opposite directions and produce opposing m.m.fs. The zero- 
sequence impedance is there¬ 
fore the leakage impedance 
from one winding to the other 
on the same core. The inter¬ 
connected star transformer 
offers an exciting admittance 
to voltages of positive and 
negative sequence applied to 
the terminals. This can be 
neglected in the equivalent 
circuit, as the value of the 
magnetizing current is usually 
negligible. The same connections apply for a grounded star- 
delta transformer when used as a grounding transformer. 

With the interconnectcd-star transformer, care should be used 
in reducing the percentage reactance to ohms on a selected voltage 
base for inclusion in an equivalent circuit. The vector diagram 
(Fig. 6) should serve to clarify this point. The line-to-line volt¬ 
age is 66 kv. corresponding to a line-to-neutral voltage of 38.1 kv. 
The voltage across the individual windings of each phase is 
22 kv., because the line-to-neutral voltage is made up of the 
voltage of two windings supplied from different phases. Since 
the leakage impedance is that between two windings on the same 
core, the ohms value should be based upon the voltage of the 
individual windings, or 22 kv. This will then be the proper 
value of impedance to use with the 38.1 kv. to neutral voltage 
corresponding to 66 kv. line to line for calculations. If the 
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impedance is expressed in per cent, it should be in terms of the 
line-to-neutral voltage and not the voltage of the individual 
windings. This will be more evident from a study of the inter- 
connected-star-delta case at the end of the chapter. 

Example. —Consider the case of a 3000-kva., three-phase, interconnected- 
star grounding transformer. The kilovolt-amperes per phase is 1000, and 
the impedance between windings on each phase is 10 per cent. The line 
voltage is 66 kv. The voltage across the individual windings of the inter¬ 
connected star is 22 kv. corresponding to the line voltage of 66 kv. Convert¬ 
ing the percentage impedance per phase to ohms at 22 kv. gives 

X = ^ ~ 3 ohms to neutral on 22-kv. base 

This is the value of impedance to be used in calculating short-circuit 
currents when using the line-to-neutral voltage of 38,100 as base. 

THREE-WINDING TRANSFORMERS 

The three-winding transformer consists of three windings per 
phase involving the self-impedance of each winding and the 

mutual impedance between pairs of 
windings. The three-winding trans¬ 
former is shown in Fig. 7 in which H, 
ikf, and L represent, respectively, the 
high-, medium-, and low-voltage wind¬ 
ings. In general the load ratings and 
voltages of the three windings are differ¬ 
ent. It is very important to observe 
this and reduce all windings to a com¬ 
mon base when making calculations. 

The impedances between windings of a three-winding trans¬ 
former, when reduced to the same base, can be replaced by an 
equivalent group of star-connected impedances. In determining 
the effective impedances between pairs of windings, the assump¬ 
tion will be made that all impedances have been converted to the 
ff-winding base. The exciting current will be neglected, and 
the same notation used as for the two-winding transformer. 

The general equations for the terminal voltages of the three- 
winding transformer may be written in the same manner as for 
the two-winding transformer: 

Vff ^ ZhhIi + MhlIz 4" MhmIs + (25) 

Fl = ZllI2 + MhlIi + MmlIz + (26) 

Fjtf s* ZmmIz anil + MmlIz + (27) 



Flo. 


7,—Three-winding trans¬ 
former. 
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where 7i, 1 2 , and Is are the currents in the L, and M windings, 

respectively. 

The effective impedance drops between windings are found by 
taking the differences of the terminal voltages. 

Va VL ^ {Zhb Mbl)Ii — (Zll — Mhl)I2 + 

(Mhm Mml)Is (28) 

Vl — = {Zll — Mml)I2 — {Zmm “ Mml)Iz “ I " 

{Mhl - Mhm)Ii (29) 

VM — Vh ^ {ZmM — — {ZhH — H” 

{Mml - Mhl)I2 (30) 

Since the exciting current is neglected 

/i + /2 + ^8 == 0 (31) 

Substituting Eq. (31) in (28), (29), and (30): 

Far — Fl = {Zhh — Mhl — Mum + Mmj^Ii — 

{ZhL Mhl Mml + Mhm)I2 (32) 
Vl ““ Fjf = {Zll — Mml Mhl + Mhm)I2 

{Zmm — Mml Mhm + Mhl)I$ (33) 
Vm — Far = {Zmm — Mum — Mml 4“ Mul)Is — 

{Zhh ■“ Mhm — Mhl + Mml)Ii (34) 

In Eqs. (32), (33), and (34) are only three distinct impedance 
terms. Let these terms be represented as follows: 

Zh = Zhh ’-“Mhl — Mhm + Mml (35) 

Zl = Zll Mml — Mhl Mhm (36) 

Zm = Zmm — Mhm ~ Mml Mhl (37) 

It will be noted that Zh consists of the seif-impedance of the 
H winding {Zhh — Mhl) and the mutual effect of the M winding 
on the H and L windings. Zl and Zm are similarly composed. 

Equations (32), (33), and (34) may then be rewritten using 
the relations in (35), (36), and (37): 

Fir — Fl = ZhIi “ ZlI2 (38) 

Vl — Faf = ZlI2 ZmIz (39) 

Fjif — F^ = ZmIz ZhIi (40) 

The form of these equations is exactly the same as for the 
two-winding transformer. 

The effective impedances of the three pairs of windings, Eqs. 
(38), (39), and (40), may be determined by short-circuiting one 
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winding of each pair and applying voltage to the other winding. 
If the L, M, and H windings are short-circuited in turn and 
voltage applied to the H, L, and M windings in the same order: 


Vh ^ (Zh + Zl)Ii = ZhlIi 

(41) 

Fl = (Zl + Zm)!^ = ZlmI^ 

(42) 

Vm = {Zm + Zh)Iz = ZmhIz 

(43) 

Therefore the equivalent leakage impedances Zhl, 
Zmh are 

ZtMf fl>ud 

Zh + Zl = Zhl 

(44) 

Zl + Zm = Zlm 

(45) 

Zm + Zh = Zmh 

(46) 


The characteristics of the three-winding transformer are 
usually given by the manufacturer in terms of the equivalent 
leakage impedance between pairs of windings Zbl, Zim, and 
Zhh- 

The equivalent star-connected group of impedances to repre¬ 
sent the three-winding transformer may be determined by the 
solution of Eqs. (44), (46) and (46); 


H 2^^ _ Zhl -b Zua ~ Zlm 

A Z^ = + Z^v - Zmb 

It is evident from the nature of the 
equations that an equivalent imped- 
L M ance may be negative in value. In 

Fig. 8.—Equivalent star guch a case the impedance acts as a 
group of impedances for rep¬ 
resenting the impedances be- capacitance. 

tween windings of a three- equivalent star of impedances is 

winding transformer. . . x-i. 

shown m Fig. 8. 

The junction of the equivalent star should not be confused 
with the system neutral. The star is purely an equivalent group 
of impedances to represent the impedances of the three trans¬ 
former windings, and, for the same combination of loads at the 
terminals of the two devices, the terminal conditions must be 
the same. Any or all windings of the transformer may be 
connected to external circuits. 
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The star impedance of Fig. 8 is the equivalent circuit of the 
three-winding transformer for the positive and negative sequence. 
This equivalent circuit is simply inserted in the positive- and 
negative-sequence network in the same manner that the trans¬ 
former is connected. 

The zero-sequence circuit for the transformer is the same as 
the positive and negative, but the same rules governing its con¬ 
nection in the external circuit in the zero-sequence network must 
be followed as in the two-winding transformer. 

The zero-sequence equivalent impedance circuit for a three- 
winding transformer may be detcrmintd from the general equa¬ 
tions. Consider the star-delta-star tiansformer of Fig. 9. 



Fiq. 9.—Current and voltage relations in three-winding transformer. 


Assume that a zero-sequence voltage is applied to conductors 
a, 6, c on the H winding. If there is a path for the flow of zero- 
sequence currents through conductors a", 6", and c", the follow¬ 
ing expressions hold: 

Vhu = Vm = Vhc = Vho (50) 

la^ h=^Ic = lo (51) 

laO + /lo + /'a'o = 0 (52) 

F//0 = ZiihIoO + MhlI'aO ”1“ (53) 

Flo = ZliJao + + *^^^0 (^^) 

Fjifo = ZMAiIao + MhmIqo + (55) 


Flo = 0 

E^q = --ZllIaO MHlJaO “■ MMLiaQ (56) 

/lo = -laO - /'a'o (57) 

Substituting the values of and /lo from Eqs. (56) and (57) 
in Eqs. (53) and (54), 

Vho = (Zh + ZL)IaO + Zl/'«'o (58) 

FjifO = {Zm ’^ ZL)IaO + ZilaO (59) 

FjSfO ““ FjlfO = ZhIqO ZmlaO (60) 
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For the conditions assumed, /'ji, = —/«o, therefore, 

V HQ — V MQ = {Zh + ZM)IaO (61) 

Assume that the neutral connection is removed from the M 
winding. Then /«o = 0 and Eq. (58) becomes 

V HO = (Zh + Zi)IaO (62) 

Assume that the neutral of the M winding is connected to 
earth and the H winding isolated, and circulate zero-sequence 
currents through the M winding. For this case, 

Vmo = (Zm + Z,)C (63) 

Equations (61), (62), and (63) are satisfied by connecting the 
zero-sequence network as shown in Fig. 10c. 

Circuits for typical connections of three-winding transformers 
are shown in Fig. 10. A delta-delta-star three-winding trans¬ 
former is shown in Fig. 10a. The zero-sequence circuit can 
best be seen by first considering the H and M windings as a two- 
winding transformer and then the H and L windings in the same 
manner. Using this method, it is evident that both delta 
branches of the equivalent circuit must be connected to ground 
in the zero-sequence network. The two delta-winding imped¬ 
ances, Zm and Zlj are therefore in parallel. This is apparent 
since both delta windings should furnish a circuit for the circula¬ 
tion of current to compensate for the currents flowing in the star 
winding to ground. 

If an impedance is present in the neutral connection of the 
star winding, the impedance appears in the zero-sequence circuit 
as shown in Fig. 106. Since in the actual circuit all the zero- 
sequence current flows through the impedance to ground, the 
neutral impedance in the equivalent circuit must be connected 
to ground in such a manner that all the zero-sequence current 
flows through it. The connections of Fig. 106 fulfill these 
requirements. 

The star-delta-star connections are shown in Fig. 10c and d. 
In Fig. 10c the neutral of both star windings is grounded; 
therefore there may be a path from the external circuits through 
the two star windings and also between each star winding and 
the delta. The equivalent circuit for the zero-sequence system 
can readily be determined by^ considering the circuit for the 
windings taken in pairs, as thcmgh the three-winding transformer 
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consisted of three two-winding transformers. Thus the con¬ 
nections for fiT-Af must be the same as H-L in Fig. 5d and of 
ff-L and L-Af the same as H-L in Fig. 5a. 



Fig. 10.—Three-winding transformer connections with equivalent circuits for 
positive-, negative-, and zero-sequence impedances. 


If an impedance is present in the neutral connections of the 
two star windings, the equivalent .circuits will be as shown in 
Fig. lOd. 
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For the case of the three-winding transformer having one 
delta winding and two star windings with grounded neutrals, 
the current in the delta winding will be equal to the difference of 
the zero-sequence currents in the two star windings when all 
windings are reduced to the same base. This is obvious since 
the vector sum of the zero-sequence currents in the three windings 
must be zero, otherwise unbalanced ampere turns would exist. 
The delta winding supplies sufficient current to compensate for 
the difference of the ampere turns produced by the currents in 
the two star windings. 

The equivalent circuit for a star-delta-star three-winding 
transformer in which only one star winding is solidly grounded is 
shown in Fig. lOe. In Fig. 10/ the connection is the same as in 
Fig. lOe except for an impedarfce placed in the neutral of the star 
winding that is grounded. It will be noted that, as far as the 
transformer-circuit representation is concerned, it docs not 
matter whether the neutral impedance is shown connected adja¬ 
cent to the ground or the H terminal network, as in Fig. lOd. 
This same statement applies to the other cases considered. 


Example.—In order to illustrate the application of the equations devel¬ 
oped to the determination of the equivalent impedances for a three-winding 

transformer, consider the trans- 
l j former of Fig. 11. The transformer 

f M |L windings are assumed to have the 

following characteristics: 

Winding M. 25,000 kva., 3 phase, 
Fio. U.-Three-wmdm8 transformer. connected, 13,200 volts, line to 

line. 

Winding H, 20,000 kva., three phase, star connected, 110,000 volts, line 


Winding H, 20,000 kva., three phase, star connected, 110,000 volts, line 
to line. 

Winding L, 5000 kva., three phase, delta connected, 2300 volts, line to 
line. 

The percentage resistance drops in the three windings are: 

Winding M, 0.85 per cent resistance drop on 25,000-kva. base. 

Winding H, 0.68 per cent resistance drop on 20,000-kva. base. 

Winding L. 1.0 per cent resistance drop on 5000-kva. base. 

The percentage reactance drops between windings are: 

Winding M-H, 9 per cent reactance drop on 25,000-kva. base. 


Winding ff-L. 9.5 per cent reactance drop on 5000-kva. base. 

Winding M-L. 4.8 per cent reactance drop on 20,000-kva. base. 

In order to determine the impedances of the equivalent circuits, it is nec¬ 
essary to convert all impedances to a common kilovolt-ampere base if using 
percentage impedance, or a commoii voltage base if using ohms impedance. 
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In this example, all impedances will be converted to percentage on a 25,000- 
kva. base and then to ohms on the 110,000-volt base. In terms of 25,000 
kva. and 110,000 volts, 


and 


110 000 

"2 = 63,600 line-to-neutral voltage 

25,000,000 

f ra X 110,000 = ‘‘“P- 


Rh ~ 0.68 per cent on 20,000-kva. = 0.86 per cent on 25 000-kva. base. 

« 0.0086 X 63,500 .. 

Rh =-jgj— ' — = 4.12 ohms on 110-kv. base. 

o 0.0086 X 63,500 , 

Rm -—■— = 4.12 ohms 

o 0.05 X 63,500 ^ 

Rl = -— = 24.2 ohms 

The winding reactances may be reduced in a similar manner. 

V 0.09 X 63,600 ,0^1. 

Xhm = - 131 — “ 

Xhl = 9.5 per cent on 5000 kva. or 47.5 per cent on 25,000 kva. = 

0.475 X 63,500 
-I3i—‘— ” ohms. 

Xml - 4.8 per cent on 20,000 kva. or 6 per cent on 25,000 kva. = 

0.06 X 63,600 
131 


= 29.1 ohms on 110-kv. base. 


The total impedance between the three windings includes both resistance 
and reactance. 


Zmh = Rm + + Xmh = 8.24 -f 7*43.7 

Zhl — Rh Rl Xhl = 28.32 -f 7*230 
Zml Rm^Rl+ Xml = 28.32 4-729.1 

The impedances of the equivalent star to replace the three-winding trans¬ 
former are found by substituting the above expressions in Eqs. (47), (48), 
and (49): 

Zh = 4.12 4-7122.3 
Zm = 4.12 -7*78.6 
Zl = 24.2 4-7*107.7. 

These impedances are the proper ones to represent the three-winding 
transformer. The resistance terms in these expressions are the same as 
Rh) Rm, and Rl> 


AUTOTRANSFORMERS IN SEQUENCE NETWORKS 

The usual types of autotransformers used in power systems 
consist of a winding tapped to obtain two voltages and a tertiary 
winding. The tapped windings for the three phases are star 
connected and usually grounded and the tertiary windings are 
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connected delta. In low-voltage circuits, autotransformers are 
sometimes used which do not have tertiary windings. 

In short-circuit calculations, autotransformers may be treated 
in a manner similar to two- and three-winding transformers. 
The determination of an equivalent impedance for an autotrans¬ 
former is considerably more complex than for an ordinary trans¬ 
former because part of the current is transferred from the 
low-voltage to the high-voltage circuit, or vice versa, by simple 
conduction, and part by transformation. The common and series 
windings offer some difficulty, since they are part of the same 
winding but carry currents of different magnitude. Furthermore, 
the inclusion of line and neutral impedances must be given careful 
consideration for the same reasons. 

In this analysis, the simple autotransformer without delta 
tertiary will be treated in a manner similar to that for the ordinary 
two-winding transformer. The equivalent circuits for practically 

all combinations will be given. The 
positive- and negative-sequence react¬ 
ance of an autotransformer is simply 
the ordinary leakage reactance between 
windings. In Fig. 12 is shown one 
phase of a simple autotransformer. 
The leakage reactance most frequently 
used is that between ac and be. This 
can be measured by short-circuiting be and applying voltage to 
ac. Obviously a leakage reactance can also be measured between 
ob and be. 

The zero-sequence impedance of the autotransformer of Fig. 12 
is the same as the positive and negative, but the impedance of 
the complete transformer circuit depends upon the connections 
of the external circuit. Since no delta winding is present, there 
is no path for the flow of compensating currents of zero sequence. 
All connections for autotransformer equivalent circuits will be 
shown in conjunction with the external supply circuit. 

In Fig. 13a is shown an autotransformer with grounded neutral 
and the neutral of the supply source ungrounded. There is no 
path for the circulation of zero-sequence currents, and, therefore, 
the terminals of the zero-sequence impedances are shown open. 

In Fig. 136 there is a path for the flow of zero-sequence current 
in the external circuit, and, therefore, the current flows through 


_n 


M 


H 


Fio 12.—Single-winding 
auto transformer; ab series, 
be common. 
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the autotransformer, encountering the reactance in the 
transformer. The impedance of the generator and transformer 
should be reduced to the same kilovolt-ampere base if dealing 



Fig. 13.—Autotransformer connections with equivalent circuits for zero- 
sequence network. 


with percentage, or to a common voltage base if dealing with 
ohms. 

The neutrals of the generator and transformer are inter¬ 
connected and the neutral of the transformer grounded through 
an impedance in Fig. 13c. This circuit appears more complex 
than 136, but, reducing the diagram to a single-phase basis, as 
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shown, it is seen that the two are the same with the exception of 
the neutral impedance. A zero-sequence voltage Eo of such 
value as to cause 1 amp. to flow in the high-voltage circuit is 
shown applied to the high-voltage winding. The actual currents 
on their respective voltage bases are shown in the other circuits. 
The ratio of transformation is the ratio of the turns ac to 6c, i.c., 
Nae/Nbe = EhIEm = n. With 1 amp. in the a conductor, the 
current in 6 is n. It should be noted that the current in the 
neutral is per phase the same as that in the high-voltage circuit; 
therefore the impedance Zn 2 should be used in the equivalent 
circuit with its actual ohmic value since it is already on the voltage 
base of the H winding. This is assuming that the voltage base 
chosen for calculation is the H winding. In the zero-sequence 
network the impedance Zn 2 must be multiplied by 3 since it is in 
the neutral. 

In Fig. 13d the neutral of the transformer is solidly grounded 
and the neutral of the generator grounded through an impedance. 
The zero-sequence-current flow for a single phase is shown for 
1 amp. in the H circuit. The current through the neutral 
impedance Zni is the same as that in the 6 conductor; therefore, 
this impedance is on the voltage base of the M winding as indi¬ 
cated by the current n. If the fl'-winding voltage is chosen for 
calculations, the actual neutral impedance Zni must be multi¬ 
plied by n^. 

The connections shown in Fig. 13e might at first appear as 
simple as the preceding cases, but an examination of the diagram 
will show this is not true. The current in the neutral impedance 
is that of neither the high- nor low-voltage circuit, and, therefore, 
the impedance cannot be said to be already on either base. The 
impedance must be evaluated for the equivalent circuit. It will 
be observed that the current through the neutral impedance is 
(n — 1). The effective neutral impedance 3Zn2 in ohms can be 
converted to ohms in terms of the high-voltage circuit by multi¬ 
plying by (n — 1)2. 

If the generator neutral is grounded through an impedance, 
the impedance should be evaluated as in Fig. 13d. 

AUTOTRANSFORMERS WITH DELTA TERTIARY WINDINGS 

This type of autotransformer cap be treated in the same manner 
as an ordinary three-winding transformer, but the determination 
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of the zero-sequence equivalent circuit is generally more complex. 
The type of equivalent circuit, neglecting the exciting current, 
is the same for the auto as the three-winding transformer. 

A study of Figs. 14, 15, and 16 will clarify the problem of 
determining the zero-sequence equivalent circuit for an auto¬ 
transformer. In Fig. 14, a generator with ungrounded neutral 
is connected to the medium voltage or common winding of a 
grounded autotransformer. The fault is on the high-voltage 
line. The impedance encountered by the current in flowing 



Fia. 14. 


Fig. 16. 


from the transformer neutral to the fault is that of the full-tapped 
winding with the delta as secondary. The impedance should be 
based on the total turns in the series and common windings. 
In Fig. 15 the generator is grounded and the transformer 
ungrounded. The fault location is the same as Fig. 14. The 
impedance encountered for this case is that of the series winding 
with the delta as secondary. The impedance should be based on 
the turns in the series wind¬ 
ing. The connections for Fig. 

16 are the same as Fig. 14, 
except that the fault occurs on 
the low-voltage line. The im¬ 
pedance encountered is that of 
the common winding with the delta as secondary, and the imped¬ 
ance is based on the turns in the common winding. 

It is evident that the impedance of an autotransformer to 
zero-sequence currents does not involve actual transformation 
from one circuit to another. The zero-sequence impedance may 
be thought of as a series-impedance coil with short-circuited 
secondary, the secondary representing the delta winding of the 
autotransf ormer. 

In representing an autotransformer by a group of three star- 
connected impedances,^ there are two combinations of pairs of 

^ The general method of analysis used for autotransformers with tertiary 
windings is taken from Symmetrical Components by C. F. Wagner and 
R. D. Evans, EUc. Jour.y December, 1929, p. 676. 



Fig. 16. 
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terminals that may be used for the tapped winding. The two 
combinations are shown in Figs. 17a and 18o. The 8-C-T com¬ 
bination, shown in Fig. 17o, involves the impedances between 
the series and common, series and tertiary, and common and 
tertiary windings. In Yig. 18a is shown the H-M-L combina¬ 
tion, involving the impedances between the series-common and 


O 



(a) (b) 

Fig. 17,—(a) Designation of series, common, and tertiary windings of three- 
winding autotransformers; (6) equivalent circuit for the S-C-T combination. 

common, series-common and tertiary, and common and tertiary 
windings. It should be noted that in the S-C~T combination 
the terminal b is common; therefore its identity will be lost in 
the equivalent circuit. Similarly, in the H-M-L combination 
of Fig. 18a the terminal c is common. 

If the impedances are given as in Figs. 17a and 18a, the equiva¬ 
lent star impedances for representing the two transformers are 
found by the same method as for the three-winding transformer. 



(a) (6) 


Fig. 18.—(a) Designation of high-, medium- and low-voltage windings of 
three-winding autotransformers; (6) equivalent circuit for the JFf-M-L 
combination. 

The equivalent star impedances are shown in Figs. 176 and 186. 
In some cases it may be more convenient to use one combination 
and in other cases the other. The impedances may be given in 
terms of one combination, and it may be desirable to use the other 
combination; it is therefore convenient to know the relations 
between the two combinations sp that if given one set of imped¬ 
ances the other may be found., 
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The equivalent star impedances of Figs. 176 and 186 are on a 
common voltage base, and the currents shown flowing in the 
equivalent circuits are on the same common voltage base. The 
actual currents can be determined from the equivalent currents 
by converting from the common base to the actual voltage of the 
particular winding in which the currents flow. The currents in 
branches Za and Zc of Fig. 176, after being converted to the S 
and C voltage base, respectively, are the actual currents in 
conductors a and c Fig. 17a and 6. The identity of conductor 6 
has been lost but the actual current in conductor 6 can be found 
from the actual currents in a and c. The current in 6 is the sum 
of the actual currents in a and c. The currents in branches Zb 
and Zm of Fig. 186, after converting to their actual values, 
represent the current in conductors a and 6. The identity of 
conductor c is lost, but the actual current in this conductor can 
be determined from the difference of the actual currents in 
conductors a and 6. 

In the following analysis the C or M winding will be used as the 
reference, and all impedances will be expressed in terms of the 
voltage of this winding as a base. All voltages are line to neutral. 
The ratio of transformation of the main winding will be assumed 
according to the convention 


(n - 


__ E„ 
"" Em 

1 ) = — 
'' Ec 


E3 H" Ec 
~Ec 


(64) 

(65) 


The expressions for the equivalent impedances in the S-C-T 
combinations, using the three-winding transformer-conversion 
formulas, are 

Ea = yiiZsT + Zac Zct) ( 66 ) 

Zc = /4{Zct + Zca + Zar) (67) 

Zt = /''^{Ztc + Zt8 ~ Zca) (68) 


The equivalent impedances in the H-M-L combination are 

Zh == }^{Zhl 4 " Zhm — Zlm) (69) 

Zm = }/^{Zml Zmh Zlh) (70) 

Zl = y^iZhM + Zlh — Zmh) (71) 

All impedances in Eqs. (66) to (71), inclusive, are on the same 
kilovolt-ampere base and the voltage base of the C or M winding. 
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Zhl in Terms of S-C-T Constants.—The impedance Zbl in 
terms of the S-C-T constants can now be derived. 

In Fig. 19a assume winding L short-circuited and a voltage 
applied to the H winding of such a value as will cause unit current 
to flow in that winding. The equivalent circuit is shown in 
Fig. 19&. The notation will be used that a symbol without a 
prime represents actual currents or voltages in the actual circuit 
in terms of the voltage of that circuit, and symbols with single 
prime represent currents or voltages in the equivalent circuit on 
the voltage base of the C or M winding. For the condition of 
unit current flowing in the H winding, the actual currents in the 

s 


‘►H 


(b) 

Fig. 19. 

S and C circuits are the actual currents in the terminals a and c, 
or Unity 

75 = /« and 7c = L (72) 

The currents in the equivalent circuit Fig. 196 can be found from 
the known currents in the actual circuit. 

r, = g(l) = w - 1 (73) 

I'c = -I (74) 

The negative sign in Eq. (74) follows from the convention that 
current is positive when flowing into the star and negative when 
flowing away from the junction. In the equivalent circuit, the 
current in the T branch must equal the difference of the currents 
in the other two branches: 

7; = 7' - 7 ; = (n - 1) - (~1) = n (75) 

The voltage relations can now be determined. The actual 
voltage at the terminals of the T winding is zero since this winding 
is short-circuited. The equivalent voltage in the equivalent 
circuit must also be zero at the T terminal for this condition. 
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The equivalent voltages across the S and C windings are equal 
to the voltage drops to the S and C terminals of the equivalent 
circuit (Fig. 196): 

Eg = nZr (ji — 1)2^5 (76) 

E'c = nZr + Zc (77) 

The junction of the equivalent impedance star should not be 
confused with the system neutral. The equivalent voltage given 
in Eq. (76) is the voltage between terminals a and h in Fig. 19a 
and the equivalent voltage Eq. (77) is the voltage between 
terminals 6 and c, both referred to the C- or M-winding base. 
The voltage Eg is that portion of the total voltage drop between 
terminals a and h when unit current flows in a and out of c with 
the T winding short-circuited. 

The actual voltages across the S and C windings can be found 
by multiplying the equivalent voltages by the proper transforma¬ 
tion ratios. Thus, 

Eg = -^[nZr + (^ "” l)Zs] = (n — l)[nZr + (w “* ^)Zs] 

= 7i(ti — l)2r ”[“ (^ — l)“2s (78) 

Ec = 1(jiZt "I" Zc) = tiZt Zc (79) 

The actual voltage Eh is obviously equal to the sum of Eqs. 
(78) and (79): 

Eh = Es + Ec^ n^Zr + (n ~ l)^Zs + Zc (80) 

Since unit current is flowing in the main winding, the value of 
Eh is equal to the impedance Zhl in terms of the ff-winding base. 
This can be converted to impedance on the C-winding base by 
dividing by 

Zhl = 2r + n ^ in terms of C-winding base (81) 

Substituting the values of Zs, Zc, and Zt from Eqs. (66), (67), 
and (68) in Eq. (81) gives 

Zhl = - Zts — ---^ Zcs (82) 

n n 

From the equivalence of the two combinations it is evident that 
Zml and ZcT are the same. 

Zml = ZcT 


( 83 ) 
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In order to detamine Zul in terms of the S-C-T constants, 
assume the L or T winding open and the M or C winding short- 
circuited (Fig. 20a). Assume a voltage Eb applied across 
terminals a and c of such value that unit cturent flows into o. 
The current in the T winding is zero since the circuit is open. 
The actual currents in the S and C windings are 

la = 1 (84) 

Ic = J(l) = n - 1 (85) 

The equivalent currents in the equivalent circuit (Fig. 206) on 
the common voltage base C or M are 

I's = J(l) =n-l (86) 

I'c = n - 1 (87) 

The equivalent voltage across the S winding is equal to the 
voltage drop to the S terminal of the equivalent circuit. The 



(a) (6) 

Fio. 20. 


equivalent voltage across the terminals of the C winding is zero 
since this winding is short-circuited. The equivalent voltage 
at the C terminal of the equivalent circuit is therefore zero. 


F'c = 0 (88) 

E'B = (n- l)(Za + Zc) (89) 

The actual voltages are 

Ec = 0 (90) 

Ea= in- lyiZa + Zc) = (n - l)*Zao (91) 

Eb-‘Ec + Ea (92) 


Since unit current was assumed to flow, Eb is equivalent to 
Zbm on the ff-winding base. This can be converted to the 
C-winding base by dividing by n*. 



DETERMINATION OF PHASE-^SEQUENCE CONSTANTS 133 



on C-winding base (93) 


The relations between the equivalent star impedances repre¬ 
senting the two combinations may be found by substituting 
Eqs. (82), (83), and (93) in Eqs. (66) to (71), inclusive. For 
convenience all the relations are tabulated. It should be remem¬ 
bered that all impedances appearing in the equations are on the 
C- and Af-winding base. 


Zs = /''^{ZsT + Zsc 4* Zct)^ 
Zc = /^(ZcT + Zca — Zst)^ 
Zt = /^{Ztc + ZtS Zcs)) 
Zh = \^(ZhL + ZuM — Zlm)^ 
Zu = ML "h ZmH — Zlk)} 

Zl = + Zlu — Zun)) 



(94) 

(96) 

(96) 

(97) 

(98) 

(99) 


Example.—An example will be worked out to show the application of 
these relations in converting from one group to the other. 
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The autotransformer is three phase with Af, and L windings rated at 
66, 33, and 12 kv., respectively. It will be assumed that the H, Af, and L 
impedances are given. The resistance components will be neglected. The 
impedances between the various windings are: 


Zhm (66-33). 7.8% on 25,000-kv. base. 

Zml (33-12). 9.0% on 10,000-kva. base, or 22.6% on 25,000 kva. 
Zhl (66-12). 10.6% on 10,000-kva. base, or 26.2% on 26,000 kva. 


Reducing all impedances to ohms on 33-kv. base: 

_ 0.078 X (33,000)* , 

-25,000,000- 

Zml ~ i 9.8 
Zhl =ill.4 


The equivalent star impedances are formed by Eqs. (95): 

Zh = 2^11*4 + 3.4 — 9.8) = ^2.5 ohms on 33-kv. base 
Zu = |(9.8 + 3.4 - 11.4) = iO.9 
Zl = |(9.8 + 11.4 - 3.4) = j8.9 

The equivalent star impedances in terms of the S-C-T combination are 
found from Eqs. (98) where n = = 2. 

“ (24l)*0’2-6) +(2‘J-i)i(i0.9) =jll.8 

Zc = 24i(J 0-9) = il-8 

Zt = i 8-9 =18 0 

The impedance between windings in the S-C-T combination can be found 
from the H-M-L group Eqs. (96) 


Zsc = (g-ll) V4 = yi3.6 
ZcT = 9.8 


AUTOTRANSFORMERS WITH EXTERNAL IMPEDANCE 

The zero-sequence impedance of the autotransformer generally 
represents only a part of the total zero-sequence network. In 
addition to the series impedance of the line conductors, there 
may be neutral impedance. The external impedance can be 
included in the zero-sequence network of the autotransformer by 
means of the relations which have been developed, thus obtaining 
the complete zero-sequence network. 
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To be consistent, all external series impedance should be con¬ 
verted to the C- or ilf-winding base. An impedance in series 
with the T or L winding is merely added in series with the 
impedance representing that winding in the equivalent circuit 
after changing the series impedance from the base of the T 
or L winding to the C or M winding by multiplying by {Em/EtY. 
External impedance in series with the a terminal is treated in the 
same manner after reducing to the M- or C-winding base by 
dividing the actual ohms by Impedance in series with the 
b or c conductors may offer some difficulty. If the autotrans¬ 
former constants are expressed in the H-M-L combination, an 
impedance Zhb in series with the h terminal can be added in series 
with the impedance representing the M wiading in the equivalent 
circuit of the H-M-L combination. The actual ohms of this 


series impedance is already on the Af-winding base, so no con¬ 
version is necessary. An impedance Zee in series with the c 
conductor can be added in scries with the impedance representing 
the C winding in the equivalent circuit for the S-C-T combina¬ 
tion. The actual ohms of this impedance is already on the 
C- or Af-winding base. If the H-M-L combination is to be used 
in the calculations, it is necessary to apply the same coefficients 
to Zee as was applied to Zc in Eqs. (99) to obtain the star imped¬ 
ances for the H-M-L combination. These coefficients for the 

TV — 1 

Zuf Zm, and Zl branches of the equivalent circuit are- 

TV 


n — 1 


and -, respectively. 


In Fig. 21a is shown an auto¬ 


transformer with external impedances in series with each con¬ 
ductor. The equivalent circuit containing both autotransformer 
and external impedances is shown in Fig. 216. The relations 
between equivalent and actual currents and voltages are found 
by the same method that was used for the autotransformer above. 

The principles which have been given are suABicient to deter¬ 
mine the complete zero-sequence network for a system involving 
any combination of autotransformers and impedances. The 
most general cases will be treated, and from the general cases 
the solution can be found for practically any combinations that 
may be encountered. Consider the connections of Fig. 22a 
involving a generator supplying an autotransformer through a 
two-winding transformer. The neutrals of both the two-winding 
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transfonner and the autotransformer are grounded through an 
impedance. The impedance of the system to zero-sequence 
currents will be determined as viewed from the high-voltage side 




a 


Zbb 

si 

b i 


E” 

ci; 

C2_ 

c i; 


cj 

(«) 




ft 

(b) 


TPiq, 21.—(o) Single-line diagram; (6) equivalent zero-sequence impedance circuit 
for a three-winding auto transformer with external impedance. 


of the autotransformer. The current flow will be assumed as 
shown in Fig. 22a. The complete circuit reduced to a single-line 
basis is shown in Fig. 226. All impedances are assumed to be on 




Fio. 22.—(a) Three-phase connections; (&) single-line diagram; (e) equivalent 
zero-sequence circuit. 


the base of the M winding. The impedances Zy and Zni are in 
series with the 6 conductor and thus combine directly. The 
impedance Zn 2 is in series with the C winding of the S-C-T 
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constants, and must have the conversion coefficients applied, 
as in the preceding case. The complete equivalent circuit is 
given in Fig. 22c. The zero-sequence impedance to ground is 
simply the parallel impedance of the M and L branches in series 
with the impedance of the H branch of the equivalent circuit. 
The complete expression for the zero-sequence impedance of the 
circuit is then 


7 _ 7 3 (^ “ 1 )^ 

(z^ + ^)(zm + Z,+ 

+ - - - 4 - ( 100 ) 

(z, + + Z, + 3Z„1 + ^ Z„^^ 


The current relations are easily found. Let K be the denomin¬ 
ator of the second term of Eq. (100), then 



/„i = 3h = 3/j, = r„ 

j _ or _nr, _ 3[(n — 1)Zl — Zjtf — “ 3Znl)] 

i»2 - Oie - oIm O ^ 


( 101 ) 

( 102 ) 

(103) 


It will be noted in Eq. (103) that the neutral current may be 
positive, negative, or zero, depending upon the relations of the 
various constants in the zero-sequence network. There are two 
paths for the flow of zero-sequence currents in the autotrans- 
former, and the current flow is in opposite directions through 
the two paths. It will later be seen that this is of importance in 
the application of relays to autotransformers and associated 
circuits. 

The zero-sequence voltage at any point in the circuit may be 
found by calculating the voltage drop to that point in the equiva¬ 
lent circuit and then converting the equivalent drop to actual 
voltage. 

Case 1. Neutral of t\yo-winding transformer solidly grounded. 
Neutral of autotransformer grounded through impedance. 
For this case Z„i becomes zero, and Eq. (100) reduces to 
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Zo 


„ 3(» 1)„ . 

-1:*—"»* + 

71* 




Zu + Zy + 


3(n - 1), 




(z. + ^!) + (z,. + z„ 4- ^z„) 


( 104 ) 


Case 2. Neutral of two-winding transformer grounded 
through impedance. Neutral of autotransformer solidly 
grounded. 


Zn2 = 0 

rj __ Tj 1 Zl(Zm + Zy + 3Znl) 
A ^« + Z^ + (ZM + Zy + 3Zr.O 


(105) 


Case 3. Neutrals of both transformers solidly grounded. 


Znl == Zn2 = 0 
7-7 I + Zy) 


(106) 


Case 4. Neutral of autotransformer grounded through 
impedance. Neutral of two-winding transformer isolated. 
For this case Z^i becomes infinite; therefore no current of zero 
sequence can flow in the b conductor. The M branch of the 
equivalent circuit (Fig. 22c) should be open to represent this 
case. The zero-sequence impedance is then 

Zo = Zb- J ^^ Z„2 + Zi + ?!=-* (107) 

Case 5. Neutral of autotransformer isolated. Neutral of 
two-winding transformer grounded through impedance. Zn 2 
becomes infinite. 

An inspection of the equivalent circuit (Fig. 22c) shows that 
Z »2 appears in all three legs of the equivalent star; hence this 
case cannot be treated in the same manner as case 4 in which 
Znl is infinite. It is necessary to reduce Eq. (100) to a simple 
fraction and then differentiate both numerator and denominator 
in order to eliminate Zn 2 which is infinite. The final expression 
obtained is 


n — 1 


2 


Zm + Zy + 3Znl 
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(108) 


In any of the preceding cases if there is impedance in the lines 
between the autotransformer and the two-winding transformer, 
such impedance may be included in the equivalent circuit in 
exactly the same manner as Zy, This should be the zero-sequence 




Fia. 23.— (a) Three-phase connections; (6) single-line diagram: (c) equivalent 
zero-sequence circuit. 

impedance of the lines connecting the two transformers and not 
the ordinary line-to-neutral impedance. It is evident that the 
relations which have been developed may be applied equally well 
to the determination of the zero-sequence impedance of auto¬ 
transformers without delta windings by letting Zl or Zt become 
infinite in the equations. 

If the two-winding transformer is removed in Fig. 22a, the 
zero-sequence impedance Zgo of the generator takes the place of 
Zy in the equations when the neutral of the generator is grounded. 
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The impedance Zni, if placed in the neutral of the generator, will 
appear in the equations exactly as it did when in the transformer 
neutral. 

In Fig. 23a is shown an autotransformer connected the same 
as Fig. 22a except that the neutrals are interconnected. The 
single-line diagram is given in Fig. 236 and the equivalent circuit 
in Fig. 23c. 

The zero-sequence impedance of the equivalent circuit is 


Zo 


= Zh + 


Zl(Zm 4“ Zy) 
Zl + (Zm + Zy) 


+ 


3ZnlZn2 
Znl + Zn2 


The currents are: 


(109) 



Ini = 
In2 = 



It will be observed that with this connection, if either Zni or 
Zn 2 is equal to zero, the other neutral impedance no longer has 
any effect upon the zero-sequence network or zero-sequence 
current. 


Example.—In Fig. 24 is shown a circuit involving a generator, trans¬ 
former, autotransformer, and transmission lines. The autotransformer 
will be assumed to have the same characteristics as the one in the preceding 
example. The zero-sequence impedance of the transmission circuit is three 
times the positive. The fault is assumed to be single line-to-ground on the 
66-kv. side of the autotransformer. 

The impedance characteristics are: 

Generator. 25,000 kva. Zi = jS5%; Z 2 — j25% 

Transformer. 25,000 kva. Zi = jS,5% 

Transmission line. Zi = Z 2 - jl0%; Zo = ^30% 

Autotransformer. Zh = ^2.50%; Zm = ^0.90%; Zl = ^8.9% 

The equivalent positive- and negative-sequence systems are shown in 
Fig. 245 and c. All impedances are in ohms on a 33-kv. base. 

The positive-sequence network consists of the positive-sequence imped¬ 
ance of generator, transformer, line, and autotransformer, all in series and 
on the common base of 33 kv. The autotransformer impedance is simply 
Zhm- The negative-sequence network is the same as the positive, except 
for the generator impedance. The equivalent positive-sequence impedance 
is the sum of the series impedances or ^32.3. Similarly, the equivalent 
negative-sequence impedance is ^2^8.95. 
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The zero-sequence network is identical with that previously considered 
(Fig. 22). The complete zero-sequence network is shown in Fig. 24d. 
The zero-sequence network reduces to Fig. 24e and to a final equivalent 
impedance Zq = j9.1 Fig. 24/. 

The phase-sequence currents at the point of fault are equal to the line-to- 
neutral voltage divided by the sum of the posicive-, negative-, and zero- 
sequence equivalent impedances all on the S^kv. base. 

r r _ r il9,100 jl9,000 _ 

lat lai hi ^ 32 3 ^ 28.96) “ >70.35 

The positive direction of current flow in the three networks was assumed 
to be in a direction from the generator toward the fault. In the develop- 



j3.7 jlO j5.4 

- ' >AA>Ar’ — — 

(b) Positive Sequence 

j 11.85 j3.7 jlO j3.4 

... .. . .. 


(c) Negative Sequence 



Fig. 24. 


jj’i 


ment of the formulas for the zero-sequence circuits for auto transformers 
(Fig. 22), it was more convenient to adopt an opposite direction of current 
flow, that is from the H toward the M winding. These arbitrarily chosen 
directions of current flow of positive sense do not affect the zero-sequence 
impedance or the values of the sequence currents at the fault. The zero- 
sequence current in Fig. 24d is the negative of the zero-sequence current 
at the fault or —272 amp. The currents at all points in the autotrans¬ 
former can be found by using the formulas previously developed and the 
negative values of current. 

Zero-sequence current in M winding: 

/23.9 
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Current in neutral A : 

Ini = 3(-lll) = -333 
Actual zero-sequence current in H winding: 

Im * 2*^% => 136 
Zero-sequence current in neutral B: 

/n 2 = 3[/m (actual) — (actual)] 

= 3(-lll + 136) = 76 

Zero-sequence current in L winding: 

Actual = (-161)3^12 = 442 

The actual zero-sequence-current distribution is shown in Fig. 26. It 
should be remembered that the positive sense of current flow for the zero- 
sequence currents is the opposite or negative of the assumed current direc¬ 
tion used in determining the distribution. 



Fig. 25.—Actual zero-sequence current distribution. 


After determining the zero-sequence distribution, the positive and nega¬ 
tive currents may be combined with the zero-sequence currents in the usual 
manner to find the phase currents. 

INTERCONNECTED-STAR-DELTA TRANSFORMER! 

The equivalent circuit for two-winding interconnected-star 
transformers was given under the heading of two-winding trans¬ 
formers, The interconnected-star-delta transformer is treated 
in a manner similar to other three-winding transformers. The 
vector representation of this type of transformer is given in 
Fig. 26a and the complete wiring diagram in Fig. 266. The 
equivalent star impedances for the three windings of each trans¬ 
former are Zhj Zm, and Zl, where Zh is the impedance of the 
star winding adjacent to the high-voltage terminals, Zm the wind¬ 
ing adjacent to the neutral, and Zl the delta winding. The 
notation and current flow in the complete circuit are indicated in 
! Waoner, C. F., and R. D. EvaKs, op. dt., December, 1929, p. 680. 
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Fig. 266. The equivalent circuit for the three windings of phase 
a transformer is shown in Fig. 26c. The current J, flows out of 
branch Zb, and —out of branch Zm, consistent with Fig. 266. 



(a) tc) 



(b) 

Fiq. 26.—(a) Vector diagram for interconnected-star-delta transformer; (6) 
three-phase connections; (c) equivalent zero-sequence circuit. 

With the assumed direction of current flow, the following equa¬ 
tions may be written: 


Ei = Ea- - /,) - ZhI. ( 110 ) 

Vi = E<,- Zt.(h - I.) + ZmI. (Ill) 

Similarly, 

Ei = Ei- ZL{Iy - /*) - Zaly (112) 

Fs = - Z^ih - h) + Zah (113) 

E 3 = Ec- Zl(J. - ly) - Zul. (114) 

Vz = E,- Z^(I., - ly) - Z„Iy (115) 

It is evident from an inspection of Fig. 266 that 

E, = Ei- Fj ( 116 ) 


Substituting the values of Ei and Fi from Eqs. (110) and (111) 
in (116), 

Ey-^Ea-Et- Zi,(2I. - I. - ly) - ZbI, - ZmI, (117) 
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The positive-sequence impedance can be found from Eq. (117) 
by substituting the following relations in (117): 

Eh = <i^Ec\ 

ly = > (118) 

Is = ah ) 

Substituting, 

= (1 - a^)Ea - (ZZl + Z„ + Zm)I. (119) 

If the number of turns on each winding is the same, for the 
no-load condition /* = 0, then the line-to-neutral voltage on the 
star side is (1 — a^) times the line-to-line voltage on the delta 
side. Unit-positive sequence current flowing in the star side 
reduces the star voltage by the amount (3 Zl + Zh + Z^). 
This quantity is therefore the series impedance in ohms per 
phase for the positive sequence when the voltage of the star side 
is used as the base. The impedances Z//, Zu and Zl must be in 
ohms on the voltage base corresponding to the operating voltage 
across the individual windings of the two in series, or 0.50jB*/0.866. 

The negative-sequence impedance is the same as the positive. 

The zero-sequence impedance can be determined by considering 
all currents and voltages to be of zero sequence: 

?:: I- /.} 

Substituting Eq. (120) in (117), 

Ex = ^{Zh + Zm)Iz = —ZhmIx ( 121 ) 

The impedance Zhm in ohms on the voltage base of the indi¬ 
vidual windings on the interconnected-star side is the zero- 
sequence impedance per phase. The delta impedance does not 
enter because the two windings on the star side have an equal 
number of turns and consequently the ampere turns balance. 
If the star windings were unequal, there would be current in the 
delta and hence that impedance would be involved in the circuit. 

Example.—^To illustrate the calculation of the impedances of an inter- 
connected-star-delta transformer, assume a bank of three 2500>kya. single¬ 
phase transformers, connected on the interconnected-star side to a 132-kv. 
line. The delta windings are 13.2 kv. 

The voltage across the individual windings Ei and Vi (Fig. 26) is 44 kv. 
corresponding to the line-to-line voltage of 132 kv. 
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The transformer reactances are: 


XHL - 15 % on 2500-kya. base 
Xml = 16 % on 2500-kva. base 
xhm — 18 % on 2500-kva. base 


The equivalent star-impedance branches, to represent the impedances of 
the three windings of the single-phase transformer, are as follows: 

^ yi6 -h 16 - 18\ 

Zl - 2 - ) “^^0 

„ ./15 + 18 - 16\ 

Zh -2- ) 

Zm = ^-2- ) = j9% 


Converting these impedances to ohms at 44 kv : 


ohms on 44-kv. base 
ohms on 44-kv. base 


Zh = i69.7 
Zm = >69.7 

The positive- and negative-sequence impedance can be found from the 
reactances of the single-phase transformer: 


(3Zl + Zh-{- Zm) = 30*46.5) + i69.7 + i69.7 « ;^78.9 

This is the value of positive- and negative-sequence reactance to use when 
using 76,300 volts to neutral corresponding to 132 kv. line to line on the 
star side of the transformer for short-circuit current calculations. 

The zero-sequence impedance of the bank of transformers is simply 
Zhm =i69.7 4-7*69.7 =7*139.4. 



CHAPTER VI 


CALCULATION OF TRANSIENT SHORT-CIRCUIT^ 
CURRENTS 

The advent of the use of high-speed relays and oil circuit 
breakers has required the extension of the methods of calculation 
to include the transient phenomena. In the past it has been the 
practice when using conventional relay systems to calculate the 
short-circuit quantities on the basis of sustained values deter¬ 
mined by S3mchronous reactance, or some average between the 
initial and sustained values of current. In many cases it is 
necessary to calculate the transient currents when applying 
high-speed relays which operate in from to 12 cycles on a 
60-cycle system. It may be necessary to determine the transient 
currents and voltages for the period from the instant of short 
circuit until the relays and circuit breakers operate. In the 
past few years, rapid strides have been made in the development 
of practical methods of calculating transient phenomena asso¬ 
ciated with synchronous apparatus. The work of Doherty, 
Nickle, Park, and Wagner has been particularly noteworthy. 
These methods are adequate for most cases and have been quite 
extensively used. It is not the intention of the authors to offer 
different methods but rather to present the essentials of the 
present methods that are necessary for the application of relays. 
Certain extensions will be made where necessary to treat special 
cases not covered by the published data. 

PER-UNIT REPRESENTATION 

The use of a per-unit or fractional system of notation in 
equations and calculations has come into widespread use in 
recent years, superseding the percentage system to a great extent. 
In the per-unit system, each quantity is expressed as a fraction 

^ Dohbrtt, R. E., and C. A. Nickle, Synchronous Machines, Pts. I and 
II, Trans, A.I.E.E,^ vol. 46, 1926. 

Dohbbtt, R. E., and C. A. Nickle, op, cit,, Pt. Ill, vol. 46, 1927. 
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of some definite normal value. ^ Thus, armature reactances may 
be expressed as the ratio of the reactances in ohms to normal 
ohms, where normal ohms are the ratio of normal voltage and 
current. That is. 


Per-unit reactance 


reactance in ohms 


normal ohms 

, normal line-to-neutral voltage 

Normal ohms =-- 1 - — 

normal line current 


This system is simply an outgrowth of the percentage system 
where unity is used as the base rather than 100. The use of 
per-unit quantities eliminates carrying the cumbersome factor 
100 in calculations. All quantities may be expressed in per-unit. 
Thus armature current may be taken as numerically equal to the 
m.m.f. of armature reaction and per-unit linkages as equal to 
per-unit voltage or field current. With these quantities expressed 
as numeric ratios, conversion factors are unnecessary. Normal 
armature voltage may be taken as normal no-load voltage and 
all voltages then expressed as fractions of this riormal value. 
Field current may be expressed as a fraction of the field current 
corresponding to open-circuit normal voltage. Armature current 
may be expressed as a fraction of normal-rated current. 

The analysis of transients in synchronous machines is based 
principally upon the method of symmetrical components, 
Blondebs two-reaction theory, and the constant-linkage theorem. 
When balanced three-phase currents of positive sequence flow in 
the three phases of a synchronous machine, a flux wave is pro¬ 
duced by the m.m.f., the fundamental of which rotates at syn¬ 
chronous speed and is thus stationary with respect to the rotor. 
The positive-sequence system of armature currents may be 
resolved into two component three-phase systems by BlondePs 
two-reaction theory. These two components are spaced 90® 
apart. One component is so chosen that the current in each 
individual phase reaches a maximum at the instant that the 
axis of the field poles coincides with the axis of the particular 
armature phase considered. This system of currents is known 
as the direct-axis components because an armature reaction flux 
is produced which tends to magnetize or demagnetize the rotor 

^ Park, R. H., and B. L. Robbrtsoic, The Reactances of Synchronous 
Machines, Tram, AJ.E.E., vol. 47, p. 516, 1928. 
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in the axis of the field poles and is affected by a positive-sequence 
direct-axis reactance. In the other component system, the 
currents in each individual phase reach a maximum at the 
instant the axis of the phase considered coincides with an axis 
midway between the field poles. These currents are known as 
quadraJture-axis components because armature reaction fluxes are 
produced which magnetize or demagnetize the rotor in the inter- 
polar axis and are affected by a positive-sequence quadrature- 
axis reactance. 

Positive-sequence armature currents may be classified as to 
effect, depending upon whether they are suddenly or continuously 
applied. When currents are suddenly applied, such as by short- 
circuiting all three phases of a synchronous machine from a 
condition of no load, there is a sudden increase in the armature 
m.m.f. Now, remembering that the fundamental component 
of armature m.m.f. is stationary with respect to the field poles, 
it is clear that a unidirectional current will be induced in the 
field. This action is adequately explained by the constant- 
linkage theorem,^ which states that in a closed electric circuit 
without resistance or capacity the number of magnetic inter¬ 
linkages must remain constant. This can be demonstrated as 
follows: Consider a closed rotor winding and one phase of the 
armature winding short-circuited at the terminals. The summa¬ 
tion of voltages in the closed circuits must be zero. Let ia be 
the armature current, if the field current, M the mutual induc¬ 
tance between the closed windings, and La the self-inductance of 
the armature winding. 

tar. + La-^ + M-^ = 0 
Neglecting resistance this becomes 

|(L„t, + Mi,) = 0 

The quantity in the parentheses is the number of magnetic 
interlinkages of the circuit. The equation shows that the rate 
of change is zero; therefore, the number of interlinkages is con- 

’ Dohbrty, R. E., and E. T. Williamson, Short-Circuit Current of 
Induction Motors and Generators, Trans, A.I.E.E., vol. 40, 1921, discus¬ 
sion, p. 548. 
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stant. If the turns in tjie closed circuit are not concentrated, 
the number of interlinkages in each turn may not be constant, 
but the total linkages in the closed circuit will be. The number of 
interlinkages in any closed circuit cannot be changed by a change 
in magnetic reluctance or by the effect of any secondary coils. 
When the short circuit occurs, the flux linkages with each circuit 
on the rotor and armature must remain constant for the first 
instant. The currents suddenly appearing in the armature 
phases tend to demagnetize the field circuits, hence the currents 
in these circuits must increase in order that the condition of 
constant flux linkages in each circuit may be fulfilled. The initial 
value of short-circuit current is greater than the steady-state 
sustained value due to the increased rotor m.m.f. produced by 
the induced currents. The induced field currents have no 
voltage to sustain them, hence decay exponentially. It is 
convenient to account for the increase in rotor m.m.f. at the 
instant of short circuit by means of a fictitious reactance termed 
the transient reactance. Thus the initial short-circuit current is 
the ratio of the no-load voltage before short circuit l:o the tran¬ 
sient reactance. All reactances are defined as the fundamental 
reactive component of armature voltage to the corresponding 
fundamental component of armature current. After the induced 
field currents have disappeared, the short-circuit current is 
limited by the synchronous reactance. 

In order to define completely the currents resulting from short 
circuit, it is necessary to recognize two transient reactances in 
each axis. This is due to the presence of other closed rotor 
circuits in addition to the main field winding on many syn¬ 
chronous machines. The currents induced in these additional 
rotor circuits decay rapidly, hence there is a corresponding high¬ 
speed transient in the armature current. The reactances which 
limit the initial current when additional rotor circuits are present 
are termed the direct and quadrature subtransient reactances. 
The subtransient reactance consists of the effective leakage 
reactance between the armature and the solid rotor teeth and 
wedges in turbogenerators, and between the armature and 
damper winding in salient pole machines. If no rotor circuit 
other than the main field winding is present, then the sub¬ 
transient and transient reactances are equal. The transient 
reactance is the effective leakage between the armature and 
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main field winding. The low value of the subtransient reactance 
is partly due to saturation in the leakage paths. 

If there are no rotor windings, such as an amortisseur or solid 
rotor teeth and wedges, in the quadrature axis, then the quad¬ 
rature subtransient and synchronous reactances are the same. 
For this case = a;' = Xq. If a damper winding is present, 
the quadrature subtransient reactance is different from the 
transient due to the effects of induced currents. However, since 
there is no really effective quadrature-axis winding, the quad¬ 
rature transient and synchronous reactances are the same. 

The transient short-circuit armature current may consist of 
symmetrical components and an asymmetrical or direct-current 
component. The symmetrical components are classified in 
three groups; 


1. A rapidly decaying subtransient component 

2. A slowly decaying transient component 

3. A sustained or steady-state component 


The symmetrical component of short-circuit current can be 
expressed as a series of terms consisting of a steady-state and 
several exponential terms. The maximum instantaneous sym¬ 
metrical short-circuit current is i" = e/x^) l^he maximum sym¬ 
metrical current, neglecting the high-speed terms, is i' = 
and the sustained current, after all decrement terms have dis¬ 
appeared, is i = e/xd- The complete expression for the decre¬ 
ment curve of the symmetrical component of armature short-circuit 
current is 




where and are the machine short-circuit time constants 
applying to the subtransient and transient components of current, 
respectively. 

Where a sudden three-phase short circuit occurs, the initial 
current is determined by tne subtransient reactance. The 
rapidly decaying component, due to the induced currents in 
the additional rotor circuits, disappears after a few cycles. The 
slowly decaying current is affected by the transient reactance. 
The transient reactance is the reactance that would determine 
the initial current if the field, winding was the only rotor circuit. 
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The initial transient current is determined by projecting the 
envelope of the current wave to the instant of short circuit, ^ 
neglecting the first few cycles which include the high decrement 
quantities as shown in Fig. 1. 

In addition to the symmetrical components of transient fault 
current, there may be a unidirectional component in the arma¬ 
ture, the magnitude of which depends upon the angle between the 
axes of the field poles and the armature phases at the instant of 
short circuit. If the axis of a particular phase coincides with 



the axis of the field poles at the instant of fault at no load, the 
direct-current component in that phase will be a maximum. 
No direct-current component will appear if the angle between the 
two axes is 90°. The direct current flows in the armature in 
order that the flux entrapped at the instant of short circuit will 
be maintained constant for the* first instant. There may be a 
second harmonic associated with the direct-current component 
depending upon the machine characteristics. The second- 
harmonic current appears, owing to the variation of the transient 
reactance between the direct- and quadrature-axis values and 
may be quite large in a salient-pole machine without damper 
windings. 
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In Fig. 2 is shown an asymmetrical current wave for a three- 
phase short circuit. The symmetrical component is determined 



Fig. 2.—Asymmetrical current wave. 


by drawing the two envelopes. The peak value of the symmetri¬ 
cal current at any instant is half the distance between envelopes. 



Time 


Fig. 3.—Second harmonic and 
direct-current component three- 
phase short circuit on salient-pole 
machine. 


The asymmetrical component is 
determined by drawing a mid-point 
curve between envelopes, the dis¬ 
tance from the zero current line to 
the mid-point line at any instant 
being the asymmetrical component. 
In case there is a second harmonic 
associated with the direct-current 
component, the second harmonic 
has positive peak valuesin phase 
with the positive and negative peak 
values of the symmetrical compo¬ 
nent. In this case the mid-point 
curve becomes tangent to the total 
asymmetrical component as shown 
in Fig. 3. 


Certain interesting phenomena occur in connection with 


the transient armature currents. Since the field is rotating at 


1 Dohebtt, R. E., and C. A. Nicklb, Trans, A.LE.E,^ vol. 49, p. 700, 
1930. 

* Wright, S. H., Determination bf Synchronous Machine Constants by 
Test, Trans, A,I,E,E,f vol. 60, p. 1331, 1931. 
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synchronous speed with respect to the direct-current component 
of current in the armature, a current of fundamental frequency 
is induced in the field. The second harmonic, if present in the 
armature circuit, will induce a third-harmonic current in the 
field, etc. 

The sustained value of armature short-circuit current, as 
previously mentioned, is determined by the direct-axis syn¬ 
chronous reactance. According to present accepted practice,^ 
this reactance is determined from test as the unsaturated value 
for a sustained three-phase short circuit, the current being of 
normal-rated value. The reactance is ''qual to the ratio of the 



Fig. 4.—Determination of synchronous reactance. 

field current required to circulate normal current on short circuit 
to the field current corresponding to rated voltage on the air-gap 
line as shown in Fig. 4. 

The synchronous reactance is composed of the reactance 
due to armature leakage fluxes and armature reaction fluxes. 
The armature reaction, according to present practice ^ is assumed 
to refer only to the space fundamental or stationary component 
with respect to the rotor of armature m.m.f. Thus a distinction 
is made between m.m.fs. that produce fluxes which penetrate 
the rotor but do not induce eddy currents and those that have 
relative motion with respect to the poles and hence induce eddy 
currents. These eddy currents exert a demagnetizing influence 

1 Wright, S. H., op. cit. 

* Park, R. H., and B. L. Robertson, op. cit. 
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upon the producing m.m.f. The m.m.fs. that move relative to 
the rotor are considered as producing only leakage flux. The 
sjoichronous reactance is normally calculated as the sum of the 
reactance of armature reaction and the armature leakage react¬ 
ance^ Xd — Xda + Xu Similarly, the quadrature-axis synchronous 
reactance is 

Xq ~ Xqa “f“ Xl 

The armature leakage reactance Xi is due to the flux in the slots 
and the fluxes in the air gap or end windings which have relative 
motion with respect to the rotor. The reactance of armature 
reaction Xda is simply that due to the space fundamental of air-gap 
flux produced by the armature current acting alone. 


Principal Reactance Coefficients 


Xd 


Xq 

Xi 


Xq 


Direct-axis subtransient reactance 
Quadrature-axis subtransient reactance 
Direct-axis transient reactance 
Quadrature-axis transient reactance 
Direct-axis synchronous reactance 
Quadrature-axis synchronous reactance 
Negative-sequence reactance 
Zero-sequence reactance 


The negative-sequence reactance X 2 and the zero-sequence 
reactance xq come into effect only during unbalanced short 
circuits. The negative-sequence reactance is the ratio of the 
fundamental component of armature voltage due to the funda¬ 
mental component of applied negative-sequence armature current 
to that component of armature current at rated frequency. 
When negative-sequence currents appear in the armature of a 
machine running at synchronous speed, the armature m.m.f. 
due to these currents produces a flux which rotates at syn¬ 
chronous speed in a direction opposite to the field produced by 
positive-sequence currents. The negative-sequence flux field 
is thus traveling at twice synchronous speed with respect to the 
rotor, and, as it sweeps past the field poles, a second-harmonic 
current is induced in the field winding. This is illustrated in 
the oscillogram of Fig. 5 for a single line-to-line short circuit 
on a turbine generator. Since the m.m.f. due to the negative- 

> Kilgore, L. A., Calculation of Synchronous Machine Constants, 
Tram, AJ,E.E,, vol. 60, p. 1201,. 1931. 
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sequence current has motion relative to the field, the armature 
currents produce no demagnetizing effect upon the field. 

The negative-sequence reactance is dependent upon the 
terminal conditions as to whether fundamental current or voltage 
is applied and whether external reactance is present or not. 
It has been shown by Park^ that the application of fundamental 
negative-sequence voltage to the terminals of a synchronously 


Symmefrical armaiure 
current 


Induced field current 


I • I ^feaclystate 

-Asymmetrical and symmetrical current waves for single line-to-line 
short circuits on a 35,000-kw. 12,000-volt turbine generator. 


rotating machine will give rise to a fundamental negative- 
sequence current and a positive-sequence third harmonic. The 
application of fundamental negative-sequence currents produces 
a fundamental and third-harmonic voltage. Reactance is 
normally considered as that existing with fundamental current 
impressed. For the case of a sustained single-phase line-to-line 
fault without external reactance, the fundamental component of 
current is affected by a negative-sequence reactance == 

1 Park, R. H., and B, L. Robertson, op. cit. 
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If the short circuit occurs through a large external reactance, the 
effective negative-sequence reactance can be shown to be 

+ <)• 

This is the negative-sequence reactance for impressed funda¬ 
mental current and is that normally used. 

The zero-sequence reactance is the ratio of the fundamental 
reactive armature voltage to the fundamental impressed zero- 
sequence current. The zero-sequence currents are all in phase, 
hence the fundamental m.m.fs. of the three phases cancel and 
there is no appreciable fundamental air-gap flux. The zero- 
sequence currents produce a pulsating third-harmonic m.m.f. 
in the air gap and end windings and a slot flux. The slot flux 
varies with the coil pitch and is reduced by currents flowing in 
opposite directions in coil sides in the same slot for any pitch 
other than full pitch. The zero-phase sequence slot reactance 
is a minimum for % pitch. The zero-sequence air-gap leakage 
varies similarly and is zero at % pitch, since for this condition 
there is no air-gap m.m.f. due to the zero-sequence currents. 
Since there is no fundamental m.m.f. due to the presence of 
zero-sequence currents, there is no demagnetizing effect upon the 
rotor—in other words, no armature reaction. 

TIME CONSTANTS 

A time constant is generally defined as the time required for 
the current in a circuit to decay to l/e, or 0.368 of the initial 
value when the e.m.f. is removed. For example, consider 
a coil of constant resistance r ohms and constant inductance L 
henrys suddenly short-circuited on itself when carrying a current 
J. The differential equation expressing the relations in the 
circuit after short circuit is 

ri+4-o 

The solution of this differential equation gives the well-known 
exponential expression i = ^ where i is the current at 

any time t, T = L/r sec., and e is the base of Napierian loga¬ 
rithms, or 2.718 numerically. If ^ = T, then i = //c = 0.368/; 
therefore, the time constant is the time required for the current to 
decrease to 0.368 of the initial value and is the ratio L/r. 
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A general method proposed by Doherty^ for the calculation 
of transient short-circuit currents in synchronous machines 
has proved to be the most practical and accurate method devised 
for general problems. Since the resistance of most circuits and 
machines is small compared with the reactance, it is neglected in 
his method when determining the initial and sustained values of 
current. The resistance of the various circuits, however, is 
introduced in the time constants which govern the decay of the 
transient components of the short-circuit current. If it were 
not for the resistance in the circuits, there would be no decrements 
and the initial currents would also be the sustained currents. 

Calculations involving the use of constants in the direct 
and quadrature axes give accurate lesults for salient-pole 
machines where previous methods were inadequate. In a 
salient-pole machine, if the axis of the fundamental armature 
m.m.f. is not in phase with either the direct or quadrature axis, 
the flux wave produced by the m.m.f. is not in space phase with 
the m.m.f. wave and calculations involving the total wave would 
be extremely complicated. From symmetry of the machine, 
the flux wave is in space phase with the producing m.m.f. wave 
if the latter is in phase with either the direct or quadrature axis. 
By resolving the total m.m.f. wave into two components, one 
along the direct and the other along the quadrature axis, the 
component flux waves will be in space phase with their respective 
component m.m.f. waves. Thus, by determining the two com¬ 
ponents, calculation can be made in which the effect of 
windings in both the direct and quadrature axes is taken into 
account by applying the reactance constants associated with the 
particular axis. 


DECREMENT FACTORS 

It has previously been stated that when a short circuit occurs, 
the flux linkages in the field circuit cannot change in the first 
instant, but, due to the demagnetizing effect of the m.m.f. of 
the armature short-circuit current, the field flux is forced to 
pass through leakage paths of higher reluctance. An additional 
current arises in the field^ to support the flux in the new paths. 

1 Doherty, R. E., and C. A. Nicklb, op. cit., Pt. IV, vol. 47, p. 467, 1928. 

* Park, R. H., and B. L. Robbrtsonj op. cit. 
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Thus the initial field current //«) under short circuit is 
I Sii) — If + A//, 

where If is the current before the short circuit and A// is the 
induced current. The component A// is purely transient and, 
as in any inductive circuit (assuming no saturation), decays 
exponentially at a rate determined by the time constant L/r, 
where r is the resistance of the circuit in which the transient 
flux is decaying and L is the total circuit inductance. The 
short-circuited armature is equivalent to an increased magnetic 
reluctance^ in the field. Obviously, if the armature is short- 
circuited through an external inductance, the current, and 
hence the armature m.m.f., will be less than for a short circuit 
at the armature terminals; the induced field current will be less 
and the magnetic reluctance of the field is less, hence the effective 
field inductance depends upon the armature terminal conditions. 
The decrement is thus affected by external armature reactance. 
The armature resistance may also produce appreciable effect 
upon the field transient. With zero armature-circuit resistance 
all flux linkages are forced into the high-reluctance field leakage 
paths, and with infinite armature resistance (t.e., open circuit) 
none of the magnetic flux is forced out of the normal paths. 
Thus the effective reluctance and corresponding inductance 
may have any value between the limits corresponding to zero 
and infinite armature resistance. It is evident, therefore, that 
the effect of armature resistance on the field decrement may be 
taken into account by modification of the effective field induc¬ 
tance. This is usually not necessary, unless the magnitude 
of the resistance is sufficient to affect appreciably the value of 
the direct-axis component of the armature current. 

The transient component of armature current in the direct 
axis depends upon and is directly proportional in magnitude to 
the induced component of field current in the direct axis. The 
field decrement factor is, therefore, applied to the transient 
component of armature current in the direct axis, and the 
armature voltage due to this current as well as the induced 
direct component of current in the field. 

The same argument applies to quadrature-axis transient- 
field-current decrement factors, except, of course, that normally 
no current exists in quadrature-lixis windings. 

1 Dohbbtt, R. E., and C. A. NicXlb, op. cif., Pt. IV. 
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It has been pointed out that a unidirectional current may 
arise in the armature due to the entrapped flux in the armature 
at the instant of short circuit. The magnitude of this current is 
a function of the angle between the axis of the field poles and the 
axis of the armature phases. The current is transient in char¬ 
acter and is affected by a decrement depending upon the effective 
armature inductance and resistance. The field inductance 
and resistance affect the armature decrement in a manner 
analogous to the effect of the armature resistance and inductance 
on the field decrement factors. The armature decrement factor 
is applied to the direct current in the armature and to all phe¬ 
nomena which depend upon the current, such as the transient 
alternating current induced in the field. 

The determination of the expression for the field decrement^** 
can readily be derived keeping in mind the principles outlined. 
The assumption will be made that the main field winding is the 
only winding in the direct axis. The time constant T'ao of the 
field circuit with the armature open-circuited is equal to LfoIR/, 
where L/o is the total self-inductance of the field circuit in henrys 
and Rf is the effective ohmic resistance of the field circuit. 
If a machine is running at rated speed, with the armature on 
open circuit, and the field is suddenly short-circuited, the field 
current and the armature voltage, being proportional, decay 
at the same rate, the time constant being Tjo* More specifically 
this is the time constant of the slowly decreasing component 
present in the direct-axis component of symmetrical armature 
voltage as distinguished from high-speed transients. If, in the 
direct axis, per-unit field current is taken as numerically equal 
to per-unit nominal voltage, it can be shown that a per-unit 
m.m.f. suddenly appearing over the direct axis will induce a 
per-unit field current A// of magnitude 

Mf = (xd - Xd)id ( 1 ) 

where is the transient per-unit armature current, or m.m.f. 

Since per-unit field current and armature nominal voltage 
are equal, AJ/ = Ae<i. 

Before short circuit, 1/ = ed in per-unit terms. 

^ Doherty, R. E., and C. A. Nicklb, op. cit,, vol. 49, p. 700, 1930. 

a Ibid,, Pt. IV, vol. 47, p. 457, 1928, 
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Immediately after short circuit the total field current is 

Z/«) = 7/ + A7/ = Cd + Acd (2) 

Substituting (1) in (2), 

7/(i) = e<j + {xd — x'^i'd (3) 

For the simple case of a three-phase short circuit at the 
armature terminals from an open-circuit condition, neglecting 
armature resistance and assuming only the main field winding 
in the direct axis, the symmetrical component of armature current 
in the direct axis is given by the expression 


Substituting (4) in (3) 




(4) 

(5) 


The field current increases from a value Cd before short circuit 

to -^ed immediately after short circuit. This increase in field 

current occurs in order that the flux linkages of the field remain 
constant for the first instant; hence, with the armature short- 
circuited, the effective inductance of the direct-axis field is 
x^/xd times the value when the armature circuit is open. Since 
the field and armature resistance is assumed the same for both 
conditions, it follows that the open-circuit and short-circuit 
time constants are proportional to the open-circuit and short- 
circuit effective inductances, respectively.^ 



If there is appreciable resistance in the armature circuit, 
the time constant will be increased by the same proportion 
as the equivalent inductance is increased. An expression is 

^ Park, R. H., and B. L. Robertson, op. cU. 
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given by Wagner* for Tj when appreciable resistance is present. 


n = 


rj + 

+ XaX, 


where Va is the armature resistance. 

The time constant for a short circuit through an external 
reactance x is simply 


mt _^ “f" 


( 7 ) 


These time constants apply to unsymmetrical as well as 
symmetrical short circuits. In the case of single-phase short 
circuits the time constants are deterniined as for an equivalent 
three-phase fault. ^ 

The time constants given are average factors and determine 
the envelope of odd harmonics of current in the armature, the 
direct component of transient current in the field, and the 
envelope of even harmonics in the field. 

If the main field winding is not the only winding in the direct 
axis of the rotor, the induced field current A// or Ac^ will appear 
partly in the main and partly in the other windings. The time 
constant ^ applicable to the slowly decaying quantities 
neglecting the high-speed phenomena due to the current in the 
additional direct-axis rotor circuits. There is a time constant 
Tao and T'J corresponding to the high-speed terms determined 
by the subtransient reactance. Thus the constant Tj,' applies 

( ^d 
— 

which is produced by the currents induced in additional direct- 
axis rotor circuits. These constants are most readily determined 
from short-circuit tests as described later. 

In case of short circuits under load or through resistance, 
the time constants of the rotor circuits in the quadrature axis are 
involved.® Corresponding to the direct-axis constants, there 
are quadrature-axis subtransient time constants T'o, T^q and 
transient constants T'^o, T'. The quadrature-axis constants 
are all so small, except for solid rotor turbine generators, as to 



^ Wagner, C. F., Effect of Armature Resistance upon Hunting of 83 ^ 1 - 
chronous Machines, Trans. A.I.E.E., vol. 49, p. 1011, 1930. 

* Park, R. H., and B. L. Robertson?, op. cit. 

* Doherty, R. E., and C. A. Nicklb, op. cit., vol. 49, p. 700, 1930. 
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be of no great importance in practical calculations. The con¬ 
stants n. and r' are of no importance except in turbine genera¬ 
tors. and are present principally in salient-pole machines 
with amortisseur windings. With a short circuit through exter¬ 
nal resistance, the resistance displaces the armature m.m.f. 
from the rotor axes of symmetry when rotor circuits are present 
in the quadrature axes. This has the effect of furnishing coupling 
between the direct- and quadrature-axis windings on the rotor. 
There may be flux initially present in the quadrature axis when 
a short circuit occurs under load conditions. If more than one 
circuit is present in the direct or quadrature axis or both, these 
circuits will have mutual coupling which causes additional 
components to appear in the decrements. Solution of the 
complex equations for such circuits has been given by Park,^*^ 
but in practice it is seldom necessary to resort to these more 
accurate solutions. 

The armature time constant Ta applies to the direct-current 
component of armature current produced by the flux linkages 
trapped in the armature circuit at the instant of short circuit. 
This time constant on dead short circuit is given by the expression 


^TrfVa 


( 8 ) 


Assuming the resistance of the rotor circuit to be negligible, 
the time constant of the armature for direct current depends 
upon the armature inductance, in the same manner as the time 
constant for direct current in the field depends upon the field 
inductance. Since the direct and quadrature axes of the rotor 
sweep past the m.m.f. due to the direct current in the armature 
at synchronous speed, the effective inductance of the armature 
to direct current is the average of the direct and quadrature sub¬ 
transient reactance and x” which is equal to the negative- 
sequence reactance X2. If the machine is short-circuited through 
an external reactance x, the time constant becomes 


Ta 


Xi+ x 
2vfra 


( 9 ) 


^ Park, R. H., and B. L. Robertson, op. cit, 

* Park, R. H., Two Reaction Theory of Synchronous Machines, Trans, 
A,LE.E,, vol. 48, p. 716, 1929. 
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CALCULATION OF TRANSIENT CURRENT 


The calculation of the transient current in a single machine, 
using the methods described, is quite simple if the machine 
constants are known. In most practical problems arising in 
connection with relaying, more than one machine is involved 
and the machines may have entirely different constants and 
characteristics and, furthermore, will be operating under load 
at the instant of fault. Under fault conditions, the current 
supplied by the various machines will decay at different rates 
depending upon the short-circuit time constants. Another 
factor that may change the characteristics of the short-circuit 
current is the change in excitation where quick-acting voltage 
regulators and exciters are used. Machines having similar 
characteristics, when operating in parallel with the same excita¬ 
tion, can be combined into a single equivalent machine, since 
the rate of decay of current for each machine will be the same. 
However, for the general case of a network supplied by dis¬ 
similar units, it is necessary to devise a method of calculation 
whereby the instantaneous action of each individual unit can be 
determined when a fault occurs. 

The method of calculating the initial current and applying 
decrement factors is not well suited to the solution of a network 
involving more than one machine, particularly where a cal¬ 
culating board is used. A more satisfactory method is to deter¬ 
mine the instantaneous variation of internal voltages in the 
various machines, and for any particular instant the current in 
any branch of the network can be determined by applying the 
voltages of the various units to the network at the values existing 
at the instant considered. This can be shown more clearly 
from the following argument, considering only the transient or 
slowly decaying component of symmetrical current in the 
direct axis for a fault at the terminals of a machine at no load. 
As previously shown, the expression for the transient component 
of current in terms of direct-axis excitation voltage and the 
armature reactances is 



The decrement is applied to the initial transient component of 
current, and it is assumed that the current decays exponentially. 
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Now, if a fictitious transient internal voltage could be deter¬ 
mined, such that, with the same decrement factor applied, the 
current at each instant (determined by dividing the transient 
voltage existing at that instant by the transient reactance) 
would be the same as given in Eq. (10) for the same instant, then 
the transient variation could be applied to voltage rather than 
current.^ This follows from the fact that the current in the 
direct axis of the armature and the total excitation in the direct 
axis are proportional at each instant. Therefore, an equation 
for the current may be written in terms of the fictitious transient 
internal voltage which, as here considered, decays to zero 



Fia. 6.—Network supplied by dissimilar generators. 


and hence does not include the component which exists after 
steady-state conditions have been reached. 

t 


At' = 




'n 


x'd 


( 11 ) 


Equating (10) and (11) and solving for Aej in terms of ed 
gives 

Ael - (12) 


Thus the transient internal voltage with appropriate decrement 
factors for each machine can be applied to the network (Fig. 6) 


^The essential material for the internal voltage method of calculating 
transients here described was taken from Wagner^s Works. C. F. Wagner, 
op. cU.y vol. 49, p. 1011, 1930; also Decrement of Short-circuit Currents, 
EUc, Jour,f May, 1933, p. 205.) A qonsiderable number of extensions and 
derivations have been added by the,authors. 
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and the resulting current determined for each instant. It will 
be recognized that this is in accordance with the principle of 
superposition. That is, the current distribution due to a given 
distribution of voltage may be found by superposing the current 
distributions due to each voltage or component of voltage taken 
individually. 

Assumptions.—In the calculation of transient currents it is 
necessary to make certain simplifying assumptions in order to 
make the methods practical for general use. In accordance with 
generally accepted practice the following assumptions are 
made. 

1. The open-circuit voltage of the synchronous machines is a sine wave. 
This is essentially true for all modern machines. 

2. Saturation in the magnetic circuits is assumed to be negligible. If 
appreciable saturation exists, corrections can be made by shading the 
constants or using constants determined under saturated conditions. 

3. The resistance of the armature and field circuits is neglected in deter¬ 
mining the magnitude of fault currents but is taken into account in the 
decrements. 

4. The speed of all machines remains constant under bhort circuit. If 
this assumption were not made, the principle of superposition could be 
applied only for the first instant of fault. Additional transient phenomena 
occur with change of speed which complicates the analysis greatly. A 
change of speed occurs in the case of a short circuit with fault resistance. The 
decrease in speed is due to the kinetic energy of the machines having to sup¬ 
ply the increase in load due to the fault before the governor can operate. 
The speed may increase when a reactive fault occurs due to the dropping of 
load from low voltage. For all practical purposes the assumption of zero 
speed change is well within the accuracy requirements for all but very 
special cases. 


TRANSIENT VOLTAGES 

The relations between internal voltages and reactances can 
be demonstrated very simply.^ In Fig. 7 are shown the no-load 
excitation relations for a synchronous machine with no saturation. 
Per-unit field current I/m is taken as that required to produce 
per-unit armature terminal voltage at no load ^^(o). Unit 
air-gap flux is taken as that required to produce unit voltage, 
so ed(o) also represents air-gap flux. The component of armature 
current in the direct axis id produces a demagnetizing effect 
idXa where Xa is a factor converting per-unit armature current 

^ Wagner, C. F., op. cit.^ Trans. A.I.E.E., vol. 49, p. 1011, 1930. 
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into terms of equivalent field current. In order to overcome this 
demagnetization of armature reaction, the field current must 
be increased by the amount idXa to maintain the same terminal 
voltage. The total field current is then Cdco) + uxa and this 
is numerically equal to Cd the nominal voltage due to excitation 
in the direct axis. 

Cd = ed(0) + idXa (13) 

The field windings are also linked with a field leakage flux ^/i 
(i.e., equivalent flux linking all turns) which is directly pro¬ 
portional to the total field current if saturation effects are 



Fig. 7.—Flux and current relations. 

neglected. If this field leakage flux is expressed as a fraction 
of the no-load air-gap flux, its value is yp/iedm. The total flux 
linkages with the field is Cdco) + The flux linking the 

field winding at no-load normal voltage is (1 + ^//). If unit 
flux linkages are taken as the flux linking the field under this 
condition, then the per-unit flux linkages under load are 

. (14) 

1 + hi 

or substituting Eq. (13) in (14) 

(w) 

With unit armature current flowing on a three-phase short circuit, 
the total field current required to maintain the flux and unit 
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armature current is Xd, the synchronous reactance of which is 
equal to {xi + Xo) in which the air-gap voltage is equal to xi 
and the armature reaction is Xd in terms of field current. The 
corresponding field leakage is ^fiXd> The total field linkages 
with unit armature current flowing, expressed in per-unit, is 

then According to the constant-linkage theorem, 

if the circuit conditions suddenly change, the flux linkages 
with the field at the first instant must remain constant. The 
flux linkages with the field winding for no-load normal voltage is 
defined as unity; therefore, if the armature is suddenly short- 
circuited, the flux linkages for the first instant must remain at this 
value. The total linkages at no load divided by the total flux 
linkages per-unit armature current must equal the armature 

short-circuit current or - - ^ f • 

“I YflXd 

Transient reactance has been defined as the reactance which 
determines the initial symmetrical current, neglecting high¬ 
speed components, when a three-phase short circuit is applied to 
the terminals of a machine operating at normal voltage and no 
load. According to this definition it is evident that the transient 
reactance x^ is the reciprocal of the expression for armature 
current, or 


, Xi + \pfiXd 

1 + ^7 

(16) 

Since Xd = Xf + Xa, this may be written 


Xrf - X, + 1 

(17) 

, 1 

Xj ■“ Xd -1 1 , Xfl 

1 +^/l 

(18) 


Solving for 


Xa 


1 + 


in (18) and substituting in (15) gives 

Cd - 'I'd = {xd - x'i)id 


(19) 


The difference between ea and yf/d in per-unit terms is equal 
to the difference between synchronous and transient reactance. 
It is evident that rpd can be used as a fictitious voltage. This 
is designated as the transient internal voltage and can be 
calculated the same as ed under steady-state conditions except 
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that is used instead of Xd> Equation (19) may be written 

= {xd — x^^id steady state (20) 

or 

e'd^ ed- (Xd - Xa)id ( 21 ) 

It will be seen from Eq. (21) that for constant excitation 
the transient internal voltage decreases as the direct component 
of armature current increases, the term in the parentheses being 
in the nature of an armature reaction. If id = 0, then Cd = e'd 

Similar relations exist in the quadrature axis: 

eq - e[ = (xq - x[)iq (22) 

In the quadrature axis, however, no normal excitation is 
present so Cq = 0 and Eq. (22) reduces to 

^q ~ ^q)iq (23) 

If amortisseurs or any auxiliary windings are present in the 
direct and quadrature axes, then for steady-state conditions 

ed — = (^d ^d)^d (24) 

- e/' = (x' - x':)iq (25) 

When an armature current id is present and the field is short- 
circuited, the effect in field terms is xJd- The linkages with the 
field become yl/f — XaU- Substituting the value of Xa from 
Eq. (18) gives 

{Xd - x^d){l + ^fi)id (26) 

Now by definition per-unit normal flux linkages is (1 + 
times greater than per-unit normal field current; therefore, 
dividing ypf by normal flux linkages (1 + ^/z) converts the 
expression to terms of per-unit field current. 

If = {xd — Xd)id (27) 

If the current is suddenly applied, it follows that the induced 
increment of field current is related to the increment change of 
armature current by the expression 

A// = (xd — Xd)Aid = A^d (28) 

The vector diagram (Fig. 8) shows the relations for steady- 
state load conditions in which the synchronous, transient, and 
subtransient voltages are ea), e'i), e[^f and the respective com¬ 
ponents in the direct and quadrature axis corresponding to each 
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internal voltage are edCq, 6^', and A similar notation with i 

substituted for e designates corresponding components of 
current. 

When the machine is short-circuited, a new current appears 
in the direct axis. The difference between the direct-axis 
component of current after short circuit and the direct com¬ 
ponent of the steady-state current existing before short circuit 



Fig. 8.—Internal-voltage relations for steady-load condition. 

€d ~ COS 5 -f idix'd = ed — (xd — Xd)idi 

e'd = et cos 5 + idixd = Cd — (xd — 

ed =* et cos 5 4- idiXd 

Cq « et sin 5 — iqix'J = —{xq— Xq)iqi 

eq - et sin 5 — iqiJq = —{xq— Xq)iqi 

€q et sin 5 ~ XqlXq 

6(0 = €d — jcq 

«(<) = ed — jeq 
«(0 = «d ^e'q 


idi arises suddenly over the direct axis and induces a current in 
the field corresponding to the increment in nominal voltage. 

Acd = A (2d - idi){xd - Xd) (29) 

The initial symmetrical armature current is 



€d -h Acd 

ed + {id - Ui){xd - x^) 
Xd 


(30) 

(31) 


In terms of transient reactance this may be written 

V _ “ "^diixd - xi) 

- 

_ Ct cos a + iitxfj 
X’d 

= 

A 


(32) 

(33) 

(34) 
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It is evident that with a fault at the machine terminals, the 
load current before fault becomes part of the total current after 
fault. 

Under load conditions, since flux initially exists in the quad¬ 
rature swds if an amortisseur winding is present in this axis, a 
current will arise inducing a rotor current A/g or ACg 

Aeg = (t'g' - - a:'/) 

’// _ _iql(Xq Xq) _ 6q 

-r" r" 

Xq 

When Xg = x'q, the armature current in the quadrature axis 
is zero. For solid rotor turbine generators, the quadrature-axis 
transient reactance may produce appreciable effect, if there is 
considerable initial quadrature-axis flux at the instant of fault 
due to load current. In this case 


(35) 

(36) 



(37) 


The direct- and quadrature-axis values of armature current can 
be solved for independently and then combined to obtain the 
total fault current by taking the square root of the sum of their 
squares. The time constant T'q must be applied to the quad¬ 
rature-axis component of current and to the direct-axis com¬ 
ponent. The turbine generator is the only common type 
having an effective quadrature-axis circuit. The salient-pole 
machine has no effective quadrature-axis winding; therefore, 
x^q = Xq and no transient armature current can arise in the direct 
axis as shown by Eq. (35); however, a subtransient quadrature- 
axis current may arise, as previously shown. In most practical 
cases of turbine generators the saturated values of x'd and x\ 
are practically equal and for short-circuit calculations this 
permits simplification of methods. Thus, in general. 



(38) 



1 . 

li 

(39) 

i' = + i; 

(40) 

- K 

(41) 
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But, if a4 = then, 


Therefore, 


+ K = 


e'd - K 



(42) 

(43) 


The direct-axis time constant is applied to the initial 
current to determine the decay, the assumption being made 
that T'a = Tg. In turbine generators the subtransient reactance 
(saturated values) in the direct and quadrature axes are prac¬ 
tically equal; therefore, 



It should be carefully observed that this applies only to 
round rotor machines in which the transient and subtransient 
reactances in the two axes are respectively equal. For salient- 
pole machines, if considerable initial quadrature-ax’s flux exists, 
it is necessary to calculate the quadrature-axis subtransient 
current independently and apply the proper time constant 


TRANSIENT SYMMETRICAL COMPONENT OF ARMATURE 
CURRENT 

The simple case of a three-phase short circuit on a single 
machine will be considered to demonstrate the internal-voltage 
method of calculating transient current. Let eu), be 

the voltages before short circuit. It is assumed that the machine 
is a turbine generator and the subtransient terms are neglected. 
The variation of transient internal voltage is calculated and used 
as a basis to determine the transient component of current. 
Under short circuit this voltage varies from the value before 
short circuit to a final value of ei under sustained fault 
condition. The value of this voltage at any instant is e'. The 
assumption is made that e' varies exponentially between 
and The transient internal voltage under sustained fault 
conditions is from Eq. (21), 

eL = eu) - (xd — Xa)i 

where i is the sustained short-circuit current. 


( 44 ) 
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The total transient internal voltage at any instant is then 


e' = ei + (c,o - 


( 45 ) 



Fig. 9.—Graphical determination of exponential term. 

The total armature short-circuit current at any instant, 
neglecting subtransient terms, is 

_^ 

t' -i. - + (^«) ~ 

z'i x'i 


(46) 


The value of the exponential term may be determined most 
readily by a graphical method (Fig. 9). For sustained fault 



a 


Fig. 10 .—eu iu and 6 Known—To 
locate Cd erect perpendicular to ii 
which will touch e*. A distance Xqii on 
this line from e* locates point “6” 
on line 6d. 


conditions the exponential 
term in Eq, (46) disappears 
and the sustained current is 


% = 


Xd 



(47) 


The initial total current is 
i' = # (48) 

Jyd 

In determining the direct- 


and quadrature-axis internal voltages before short circuit, only 
the terminal voltage, line current, and the power-factor angle of 
each machine are generally known. In Fig. 10 is shown the 
vector diagram of a machine under load in which Ct, fz, and Q are 
known. The angle B and the location of the direct-axis line along 
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which ed lies are to be found. Taking ed as the reference line 
for all quantities, the expression for ed is 

ed ^ Bt + Xdtidi + jxqiqi (49) 

Now 

Xqil = jXq(iql - jui) = XqUl + jXqtql (50) 

The quadrature term Xqigi of Eq. (49) is the quadrature com¬ 
ponent of Xqil in Eq. (50). If the quadrature component Xqiqi 
of the voltage Xqii is drawn in the proper direction from the 
end of the terminal voltage vector ei, the direct component 
Xqidi will lie along the vector c^. It follows, therefore, that if 
the voltage vector Xqii is drawn in the proper direction from the 
end €tj its terminal will lie on Cd. But Xqii is a reactive drop and 
the vector representing this voltage will be perpendicular to the 
vector ii. Therefore, the direction of ed may be determined by 
drawing Xqii from the end of vector etf perpendicular to the 
current vector it, A line through point 0 and the end of Xqii is 
coincident with ed. 

DIRECT-CURRENT COMPONENT OF ARMATURE CURRENT 

The maximum value of the direct-current component of 
current is assumed to be equal to the crest value of the initial 
symmetrical short-circuit current.^ This is theoretically true 
for a short circuit at no load 
when the axis of an armature 
phase coincides with the direct ^ 

axis of the field poles. The ^ \ - .^^axisoffie/c/pohs 

direct-current component may / 
have any value between the 

maximum and zero, depending upon the angle of the axes and the 
excitation at short circuit. For the maximum condition the wave 
is completely offset with respect to the normal zero line, and for 
the minimum condition the positive and negative crests of the 
wave are symmetrical with respect to the zero line. A clear 
physical conception of the nature of the direct-current com¬ 
ponent may be obtained from an examination of the equation 
for the current wave for a short circuit at no load. Assume 

^ Wagner, C. F., Decrement of Short-Circuit Currents, EUe. Jour,^ May, 
1933, p. 206. 
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that the axis of phase a is ahead of the axis of the poles by an 
angle a at the instant of short circuit (see vector diagram, Fig. 
11). The instantaneous current in phase a after short circuit is 

= v^, cos « - a) (61) 

Counting time t from the instant of short circuit, for a = t/2, 
ia = 0, and the wave will be symmetrical since it starts from zero 

at t => 0, but for a = 0, <, = which is a maximum value. 

The equation ia = V2^, COS t is plotted in Fig. 12a. Since ia 

^d 


(o.) 


Pio. 12. 

obviously cannot rise to a maximum value in zero time, the 
equation simply means that the zero axis has shifted from its 
normal position to a new position displaced by an amount 

-V2^> as shown in Fig. 126. The equation for id.o. as a 

function of the angle a at the instant of fault is 

4o. = — cos a (52) 

^d 

The total r.m.s. current is equal to the square root of the 
sum of the squares of the r.m.s. values of the direct-current and 
symmetrical components. Thus, the maximum value of the 
total r.m.s. current is 



This is the maximum value of the total r.m.s. current at zero 
time and is a value which is never actually reached as some 
of the high-speed components in the subtransient current 
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decrease before the first current peak is reached. At any time 
other than zero, the symmetrical and direct-current components 
are decaying at different rates; therefore, the total current at 
any instant must be determined from the components existing 
at that instant. 

When a short circuit occurs under load, a new current arises 
in the armature. The difference between this new current 
and the load current before short circuit rises suddenly. It is 



Fig. 13.—Determination of maximum direct-current component of fault current. 

this component of current that determines the direct-current 
component of armature current for a fault under load. Thus 
the initial value of the direct-current component is calculated 
as the crest value of the difference between the load current 
before fault and the subtransient current i” immediately after 
fault. The relations for a three-phase short circuit under load 
are shown in Fig. 13. 

THREE-PHASE SHORT CIRCUIT WITH ANY NUMBER OF 
MACHINES 

1. From the known load condi-tions existing before fault on 
each machine, calculate the internal voltages eo), e[n, eJJ), of each 
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machine using the formulas (assuming solid rotor turbine genera¬ 
tors in which = x\ and 

««) = et cos 5 + idiXd — jiqiXii (53) 

e't) = ^«) - {xd - x*^ii (54) 

®(*) ~ ip^d ““ ^d )^^ (^^) 

2 . Set up the complete network (positive sequence) for fault 
condition with 6(0 for each machine applied at the proper point 
in the network, using synchronous reactance in each machine. 
The sustained short-circuit current i for each machine may be 
determined by simultaneous equations or by setting up the 



Fio. 14.—Positive-sequence network set up to determine time constant Td for 

machine A. 

complete network on an alternating-current calculating board 
and applying the voltages 6(o of each machine at the proper 
points and measuring the current. It should be emphasized 
that the current i of each machine must be calculated for the 
condition of all voltages, being applied to the network 
simultaneously. 

The transient internal voltage under sustained fault condition 
is then calculated for each machine from the formula 

= e«) — {Xd - x^i (56) 

3. The short-circuit time constant for each machine is next 
determined. To find the time constant of machine A, set up 
the synchronous reactance Xd in each machine and apply any 
convenient internal voltage to machine A only, the internal 
voltage of the other machines being zero. This means that the 
point of application of internal, .voltage in all other machines 
must be connected to the zero-potential bus as shown in Fig. 14. 
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The ratio of the applied voltage to the current in machine A 
is the total circuit reactance to the fault, as viewed from A, 
and is designated as (xau) + where Xd(A) is the synchronous 
reactance of machine A, and x is the total external reactance 
as viewed from A. The time constant for machine A is then 
calculated from Eq. (7): 

T t — ~h ^d(A)) m / 

Obviously x is calculated from {xdiA) + x), as determined 
above, simply by subtracting the value of XdU)y or 

X ~ {Xd{A) " 1 “ Xd{A)* 

The short-circuit time constants for all other machines are 
calculated in a similar manner. The method of determining the 
short-circuit time constant follows from the fact that in the 
classical differential equations for a closed inductive circuit, 
the rate of decay of the current produced by a particular voltage 
is not influenced by any other voltage acting on the jame closed 
circuit. The time constant of each machine is then independent 
of the time constants of the other machines. The effective 
reactance of other machines when determining the time constant 
of a particular machine is taken as the synchronous reactance. 

4. The internal voltage e' of each machine at any time t is 
calculated from Eq. (45), 

e' = 4 + (e'., - 

The transient reactance of each machine is set up in the 
network, and the calculated value c' of each machine for any 
time t is applied to the network simultaneously and the current 
z' in any branch is calculated or measured. Another interval 
of time t is chosen and the calculations or measurements repeated. 
Using this step-by-step process,- the variation of the current 
in any machine or branch can be determined. The final steady- 
state short-circuit value is, of course, the same as determined 
in item 2. 

5. The subtransient component (present only when there are 
additional rotor circuits) z" is determined by setting up 
and Xd ill ©^-ch machine and calculating or measuring z" in any 
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branch. The difference between this current and the current 
determined for e' when < = 0 in item 4 for each machine is the 
increment of current due to the subtransient phenomena. This 
is 


fi" fi' 

Ai" 

x'i x'a 


(67) 


The current decays to zero, and the value at any instant in 
any machine is determined from the exponential expression 



(58) 


xi/ ” 1 “ X 

The time constant T'J is T'J = - 7 - 3 ;— T'Jo, where x is the 

external reactance as found in item 3. If the fault is far 
removed from the terminals of a particular machine, the sub¬ 
transient component of current will be small and may be neg¬ 
lected, If the fault is close to the terminals of any machine, 
the value of jc may be taken as the reactance between the 
terminals and point of fault with little error. 

The variation of the subtransient current can be calculated 
using the internal voltages as follows: 

Set up x'^ and in each machine and determine i'. Cal¬ 
culate the steady-state value of the transient internal voltage 
from e« = —• (x'd — The increment of subtransient 

_ 

voltage is Ae" = The subtransient component 

of current is then determined by applying Ae" for each machine 
for any time t with x'J set up in each machine. For ^ = 0 
this becomes (i" -- i'), and for ^ = oo the increment approaches 

0 . 

6 . The maximum initial value of the direct-current com¬ 
ponent id.c.i%) for each machine is calculated as the difference 
between the initial value of the subtransient current z" deter¬ 
mined in item 5 and the load current existing before short 
circuit. This is found using the vector diagram (Fig. 13). 
The vector expression is Ucco = y/2{i” — ii). The value of 
for any value between the initial and zero is calculated from 
_ 

id.o. =* id.o.(0« 
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The direct-current time constant for any machine is 

2Tf{ra + ry 

where x and r are the equivalent external reactance and resistance, 
respectively, between the terminals and point of fault. The¬ 
oretically X and r should be determined as described in items 3 
and 5. If the fault is far removed from the terminals, the 
decrement is so rapid that the direct-current component may 
be neglected. 

7. The total current in any branch is found by the expression 
itotai ~ \/(i' + Ai"y + using the individual values of 

each component determined for the time t. For < = 0 the 
maximum possible value is \/(i")^+ (W(t))^ and for ^ = oo 
the value is, of course, the sustained value t. 

SINGLE LINE-TO-GROUND FAULT ON CONDUCTOR a 

1. The internal voltages ectO, before short circuit, 

are calculated as for the three-phase fault. 

2. Lay out the complete positive-, negative-, and zero-sequence 
networks connected in scries for single line-to-ground fault. 
Set up €(») and Xd in each machine in the positive-sequence 
network and determine ii for each machine in the posi¬ 
tive-sequence network. Then remembering that only positive- 
sequence currents produce demagnetization in the machines, 

Coo ” C(i) (Xd ^d)il 

3. The short-circuit time constant for each machine is 
determined as for the three-phase fault except that all three 
sequence networks are set up and connected in series. The 
ratio of the applied voltage to the resulting current when any 
convenient value of eu) is applied to machine A with all other 
machine potentials zero, is the sum of the equivalent positive-, 
negative-, and zero-sequence reactances from the bus of zero 
potential to the fault as viewed from machine A. Using the 
same designation as for three-phase short circuits, the total 
reactance is {xdu) + x). In this case the total external react¬ 
ance a; is a: = [xdu) + xneq) + X 2 (eQ) + a:o(cfl)] — Xd(.A)y where xueq) 
is the reactance from the machine terminals to the fault in the 
equivalent positive-sequence network; X 2 (eq) is the total equivalent 
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reactance in the negative*sequence network to the fault; and 
Xutq) is the total equivalent reactance in the zero-sequence 
network to the point of fault. The time constant T^diA) is then 
given by the same expression as for the three-phase fault, but it 
should be carefully observed that x has a different value. 

It will be noted that {xau) + is the reactance for an equivalent 
three-phase fault; t.e., a three-phase fault having the same 
positive-sequence current as the single-line fault. 

4. The internal voltage e' for each machine at any time t 
is calculated following the procedure as for a three-phase fault: 

e' = + {e[i^ — 64)€ 

The transient reactance Xa of oach machine is set up in the 
positive-sequence network and the calculated value of c' for 
each machine for any time t is applied simultaneously to the 
networks in series and the current i[y i[ and determined in 
the positive-, negative-, and zero-sequence networks, respectively. 
The current in the faulted phase of any branch at time t is then 
simply the sum of the sequence currents in that branch: 

i' = i[ + + io 


5. For the initial value of the subtransient current, set up 
and x'd in each machine and determine i'/, H and i” in the 
positive-, negative-, and zero-sequence networks, respectively. 
The initial value of the subtransient current is equal to the sum 
of the three components. 


Hi) 


= t'l' + H + H 


The subtransient component of current at any time t is cal¬ 
culated from the difference of the initial subtransient current 
and the initial transient current i[i ): 


t 



where x is the value of reactance found in item 3. 
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6. The maximum initial value of the direct-current com¬ 
ponent is found from and the load current before fault as 
for the three-phase fault condition. 

The direct-current time constant Ta for any machine is 

m _ (^2 "h 

27r/(r„ + r) 

The value of the reactance x is the same as given in item 3. 
But 


{X2 "H X 2 “1“ Xi(eq) “i" ^2(eg) “I" ^O(eq) — 2X2(eg) “f” X(Heq) 

Similarly, 

(Ta + r) = 2riieq) + rouq) 

Tiieq) is the direct-current resistance in the positive- or nega¬ 
tive-sequence network between the machine internal voltage 
and fault. 

rouq) is the direct-current resistance in the zero-sequence 
network from the zero-potential bus to the fault. Therefore, 

IJI _ 2X2(eq) ”1” ^O(eq) 

2ri(<!g) "f* To(eq) 

The v^alue of Zd.c. for any time t is calculated from 

_ t_ 

^d.c. ^d.o.(t)€ 

for a three-phase fault. 

7. The total current is calculated from the components as for 
a three-phase fault. 

LINE-TO-LINE SHORT CIRCUIT BETWEEN CONDUCTORS 

b AND c 

1. Compute internal voltages e^), e'i^ and before short 
circuit, as for three-phase faults. 

2. Lay out the complete positive- and negative-sequence 
networks and interconnect properly for line-to-line fault. 
Set up €(i) and Xd in each machine in the positive-sequence net¬ 
work and determine ti for each machine. Compute e « for each 
generator from 


eL C(i) — (xd “ Xa)ti 
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3. With Xd set up in each machine, apply any convenient 
voltage to a machine with the potential of all others set at zero. 
The ratio of the voltage and current for the particular machine 
is {xd + x). The external reactance x is 


a; = (Xd + XiUq) + X2Uq)) -- Xd = XlUq) + ^2ieq) 


Xiuq) is the reactance from the machine terminals to the fault 
in the positive-sequence network, and X 2 (eq) is the total equiva¬ 
lent reactance in the negative-sequence network from the 
machine internal voltages to the fault. 

The short-circuit time constant T^u) is determined using the 
value of X given above in the formula 


+ X , 


4. The internal voltage e' for each machine at any time t 


is calculated following the same procedure as for a three-phase 
fault: 

e' = + {e{iy — 

The transient reactance x^^ of each machine is set up in the 
positive-sequence network and the calculated value e' of each 
machine for any time t is applied simultaneously to the networks 
interconnected for a line-to-line fault and the currents 
i[ and 4 determined in the positive- and negative-sequence 
networks, respectively. It will be noted that the currents 
i[ and are for unfaulted phase a and at the fault 4 = —ij, 
and the total current in phase a is zero. The current in phase 6 
and c at the fault is 


= aH[ + at’a = aH[ — ai[ = 
= 






These relations are true at the point of fault; however, the 
values of the positive- and negative-sequence currents in a 
particular branch are not necessarily equal and, in general, 
are not when more than one machine is connected to the network. 
The phase- and sequence-current relations for a line-to-line 
fault are shown in the vector diagram. Fig. 15, for any branch. 
The positive- and negative-sequence currents in the reference 
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phase a are in opposition. The sequence currents in phases 6 
and c are 60® out of phase. 

The total value of the current in 6 or c phase of any branch 
of the network can be found in terms of the positive- and negative- 
sequence currents and for the corresponding branch in 
reference phase a. Expressing ^2 for phase a in terms of i[, 
^2 == ““(^ 1 ^) where K is a proportionality factor which when 



Fig. 15.—Line- and se<iiiencc-current relations for a lino-to-line fault. 

multiplied by i[ gives the value of l-he corresponding branch 
and phase. At the fault = 1. Then, 

= aH\ — a{i[K) 

= (-0.5 - - (-0.5 

The absolute value of is found by taking the square root of 
the sum of the squares of the terms in the above equation. 



= + (W 


Since the values of t'a and are the same, the former may 

be substituted above, giving 

H = Vli[y + (59) 

The current for any time t is found from this equation 
after determining and for time I with e' set for the calculated 
value in each machine. 
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5. For the initial value of subtransient current, set up 
and in each machine and determine i'l and i'i in the positive- 
and negative-sequence networks in any branch. The initial 
current is 

ii’ = VW)^TW)^TWf) 

The subtransient component of current at any time t is 
At” = (t" - i[)rW' 

T'l is calculated from T'i = where x has the value 

-f' X 

found in item 3. 

6 . The maximum initial value of the direct-current component 
is found from in the faulted phases and the load current before 
fault. An examination of the vector diagram (Fig. 15), shows 
the relations of load current before fault and resulting current 
after fault for all phases. It will be observed that because of 
the relative positions of the load current in the three phases, 
the resulting direct-current component is largest in phase c. The 
load current is practically in quadrature with the fault cur¬ 
rent C; therefore, the direct-current component is approxi¬ 
mately \/2ic. 

The direct-current time constant Ta for any machine is 
T = X2 + X 

27r/(ri(cg) + r2(eg)) 

where x has the value given in item 3. Now x = xiuq) + 
but xiuq) + X 2 — X 2 Uq) SO the numerator X 2 + x — 2 x 2 (eq)> 
The total direct-current resistance ri(cg) in the positive-sequence 
network between the machine internal voltage and the point of 
fault is equal to the total direct-current resistance r 2 (eq) in the 
negative-sequence network between the same points. The 
direct-current time constant is then 

T = _ X2{eq) 

2/nf(2T2ieq)} 2ll/(r2(«g)) 

This is exactly the same value as for a three-phase fault at the 
same location; therefore, the direct-current time constants for a 
three-phase and line-to-line fatdt are the same for the same 
fault location. 
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The value of the direct-current component in phase c for any 
time t is 

id.e. ~ “”\/2Zg € Ta 

7. The total current in each phase is calculated from the 
components as for a three-phase fault. 


DOUBLE LINE-TO-GROUND SHORT-CIRCUIT CONDUCTORS 

&AND c 

1. Compute internal voltages eu), before short circuit 

as for a three-phase fault. 

2. Lay out the complete positive-, negative-, and zero-sequence 
networks and interconnect properly for double line-to-ground 
fault. Phase a is used as the reference. Set up eu) and Xd in 
each machine in the positive sequence network and determine ii 
for each machine. Compute for each generator from 

Coo ~ 6(0 (,Xd X^)ti 

3. With Xd set up in each machine apply any 30nvenient 
voltage to a machine with the potential of all others set at zero. 
The ratio of the voltage and current for the particular machine 
is (xd + x). The external reactance x is 


X = Xd "h Xi(eg) + 


^2(eg) * ^O(eQ) 


- Xd 


^2(eg) "f" ^O(eg) 

The short-circuit time constant T'd for the particular machine 
is determined using the value of x given above in the formula 

/jif I ^ Fjif 


4. The internal voltage e' for each machine at any time t 
is calculated following the same procedure as for a three-phase 
fault: 

6 ^ ~ 6 oo “ f " (^(0 “ ^ oo )€ 

The transient reactance of each machine is set up in the 
positive-sequence network and the calculated values of c' of 
each machine for any time t are applied simultaneously with 
the networks interconnected for a double line-to-ground fault and 
the currents ii, ij, and ij determined in the positive-, negative-. 
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and zero-sequence networks, respectively. It should be remem¬ 
bered that these currents are in the unfaulted phase a and at the 
fault i\ — (tj + tj). The currents in phases h and c at the 
fault are 

i[ = aH[ + azj + t’o 

The absolute value of the sum of the negative- and zero- 
sequence currents in a particular branch is not necessarily equal 



I 


I 



Flo. 16.—Line and sequence-current relations for a double line-to-ground fault. 


to the positive-sequence current in the corresponding branch 
although this relation holds at the point of fault. The phase and 
sequence-current relations for a double line-to-ground fault are 
shown in Fig. 16 for any branch. 

The current i[ at any time t is found from the above relations 
after determining ij, tj, and for time t with e' set for the cal¬ 
culated value in each machine. 

5. For the initial value of the subtransient current in the 
reference phase, set up and in each machine and determine 
t'l', and in the positive, negative-, and zero-sequence 
networks, respectively, in any desired* branch. The initial 
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value in phase b is 


it = aH[' + ai'i + C 


The subtransient component of current at any time t is 


t 



T'i is calculated from 


T'J = 




where x has the value found in item 3. 

6. The maximum initial value of the direct-current component 
is found from t'/ in the faulted phases and the load current before 
fault. The vector diagram, Fig. 16, shows the relations of load 
current before fault and resulting current after fault in all phases. 
It is evident from the diagram that because of the relative posi¬ 
tions of the load currents in the three phases, the resulting direct- 
current component will generally be larger in phase h. 

The direct-current time constant for any machine 


Ta 


x% + X 



Tl^eq) + 


y*2(eg)y*0(gg) 

^2(«g) + ^0(«g) 


where x has the value given in item 3. 


^2(eg) “I" 


Ta = 


3/2(gg)3?0(«g) 
^2(eg) "b 3/0(gg) 




2 ^/ ^ 2 (eg) + 


^2(eg)y*0(eg) 

^2(«g) + ^0(«g)J 


The value of the direct-current component at any time t is 


_ 


7. The total current in any branch is calculated from the 
components as for other types of faults. 

GENERAL CASE INVOLVING SALIENT-POLE MACHINES 

In case the problem involves round-rotor and salient-pole 
machines, the required accuracy in,the mathematical treatment 
may necessitate consideration of the phenomena in the direct 
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and quadrature axes individually. In such cases exactly the 
same procedure may be followed as described for the round-rotor 
case except that now direct- and quadrature-axis quantities are 
calculated separately. Thus for a three-phase short circuit the 
procedure is as follows. 

1. Calculate the internal voltages in the direct and quadrature 
axes of each machine from the known load conditions existing 
before fault using the formula 


Cdii) 

= et 

cos 

5 

+ 

idiXd 




(60) 


= et 

cos 

h 

+ 

idix'd 

= Cd - 

(Xd 

— x^a)idi 

(61) 

4'(o 

= et 

cos 

h 

+ 

^dlXd 


(Xd 


(62) 

Cfl(i) 

= et 

sin 

b 

= 

iqlXq 




(63) 


= et 

sin 

d 

— 

iqlXq 

= -(*! 

t “ 

Xq)iql 

(64) 


= et 

sin 

s 

— 


= -ix, 

t 

Xq)iql 

(66) 


2. Set up the complete network for the fault condition with 
Cdin for each machine applied, using direct-axis synchronous 
reactance. The sustained short-circuit current id is determined 
for each machine. 

The sustained transient internal voltage in the direct axis of 
each machine is calculated from 

6^00 ” ^d(t) {p^d ^d^id 

3. The transient direct-axis short-circuit time constant T'^ is 
determined as described previously under three-phase short 
circuits* 

4. The direct-axis internal voltage of each machine at any 
time t is calculated from 

= Crf- + (4(0 - 

The reactance x'd is set up in each machine and the calculated 
value of of each machine for any time t is applied to the net¬ 
work simultaneously and the current in any branch deter¬ 
mined. This process is continued to find the complete variation 
of the transient direct-axis component. 

6a. The direct-axis subtransient component i'J is determined 
by setting up and x'J in each machine and finding ij[ in any 
branch. The difference between this current and the initial 
transient current determined for when f = 0 in item 4 for each 
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machine is the increment due to the subtransient phenomena 
in the direct axis. The current at any instant in any machine is 


( 4'(0 



The time constant T'J is found exactly as described in item 5 
under three-phase short circuits. 

b. The quadrature-axis subtransient current for machines with 
damper windings is found by setting up and x'' in each 
machine and finding This follows from Eq. (25) in which 
= —iqi{xq — x*q). If no effective winding is present in 
the quadrature axis, then the quadrature-axis component of 
current i'/ decays to zero according to the time constant 
The value of T” for any machine is 


■* « 


^ 90 


( 68 ) 


The value of x is the same as determined in item 3 under 
three-phase short circuits. 

In case there are transient, but no subtransient, phenomena 
all subtransient terms in item 56 are replaced by corresponding 
transient terms. If both subtransient and transient quantities 
are present, then the subtransient component is found as the 
difference between subtransient and transient initial values and 
the time constant T*' applied to this component. The time 
constant T' is applied to the transient component. It should be 
remembered that the sustained current in the quadrature axis 
is zero. The quantities in the quadrature axis are handled by 
the same procedure as described for those in the direct axis. 

6. The maximum initial value of the direct-current component 
is calculated as the difference between the initial value of the 
total subtransient current and the load current before short 
circuit using the same procedure as described under three- 
phase short circuits. The total, initial current i" is equal to 

VWW+W^- 

7. The total symmetrical current at any time t is found by 
summing up the symmetrical terms in the direct and quadrature 
axes and taking the square root of the sum of the squares to 
obtain the total symmetrical current at that instant. The total 
asymmetrical current is then found by taking the square root of 
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the sum of the squares of the total symmetrical current and the 
direct-current component for any time U 

The solution for any other type of fault where quadrature-axis 
quantities are involved is obtained by following the same pro¬ 
cedure as described for round-rotor machines and using the prin¬ 
ciples outlined for three-phase faults for the general case. 


INCLUSION OF FAULT OR CIRCUIT RESISTANCE 



Fig. 17. 


Problems sometimes arise where the circuit resistance is of 
sufficient magnitude to produce appreciable effect upon the 
fault current, or it may be necessary to consider the effect of 

^ fault resistance. The fault or 
——•—circuit resistance is set up in 

the sequence networks for 
different types of faults as 
outlined in Chap. III. 

The presence of resistance 
of such magnitude as to affect 
appreciably the fault current 
will cause the direct-current component to decay so rapidly 
that, for all practical purposes, it may usually be neg¬ 
lected. The general method of setting up a solution for 
circuits and apparatus involving resistance follows readily 
from the following consideration.^ Assuming all resistance 
external to the machine, the vector diagram for a three-phase 
resistance fault is shown in Fig. 17. For simplicity it is assumed 
that the fault occurs at no load and only one rotor circuit is 
present. The diagram is drawn for external resistance and all 
reactances internal, t.e., a resistance load shunted across the 
armature terminals. For the case of external reactance, the 
vector diagram is the same except the reactance terms are 
increased by the amount of the external reactance. In this case 
the resistance is applied beyond the external reactance, so the 
terminal voltage et becomes a fictitious one being the terminal 
voltage at the resistance thus including the external reactance 
with the machine reactance. The analysis, however, is the same. 
From the vector diagram the following relations may be written 

^ Doherty, R. E., and C. A. NicAle, op, eit,, Trans, A,I,E,E,, vol. 49, 
p. 700, 1930. 
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i'i = sin 6 = — sin 5 
ia = i' cos 6 = ~ cos b 


ej = ct cos b + = et cos b -f sin b 

Ta 


The direct-axis synchronous voltage before short circuit Cd is 
equal to the transient internal voltage at the instant after 
short circuit, when the short circuit occurs under an open-circuit 
condition: 


From Eq. (72) 


e'd = 


tan 5 = — 

Ta 


Equating (71) and (73) and substituting for cos b, 


^rl + xl 


and for sin 5, —which follows from the relations in 

Vrl + xl 

Eq. (74), give _ 

The sustained short-circuit current is 

The transient current in the direct axis may be found by 
substituting the value of from Eq. (75) in (69): 


The sustained direct-axis component is 


id + xat 


( 79 ) 
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The field current immediately after short circuit from (3) is 
= fid + (®d - *i)td (80) 

Substituting from Eq. (78) in (80), 


_L -/*«(*<* *a) 


= + 


X,iXd - x;) ] 

rl + J 


(81) 


The field current has increased from e'^ before short circuit to 

1 + — times cj immediately after short circuit. 
L I X^Xq J 

The short-circuit time constant is the open-circuit time con¬ 
stant rio multiplied by the ratio of the field current before short 
circuit to the current immediately after. This reduces to 


m/ _ ^ H" XfjjXq 

^ rl + XdXq 


rpt 

J- dO 


(82) 


This is the same expression as given by Wagner. A solution 
involving reduces to the same expression for one rotor circuit. 
In case the resistance fault occurs under a load condition then 
before short circuit must be calculated from the known load 
conditions as previously described. If a rotor circuit is present 
in the quadrature axis, the solution must involve the quadrature- 
axis subtransient or transient reactance, and the derivation is 
obtained using Eqs. (29) to (37), inclusive. It must be remem¬ 
bered that under these conditions there is a mutual coupling 
between the rotor circuits which causes additional components to 
appear in the decrement. An exact solution may be obtained by 
solving the differential equations of the various circuits.^ For 
most practical cases it is unnecessary to resort to these more 
accurate methods. 

The equation for the total current from (76) and (77) is 



Vrg + J. 

ri + X'^q 


V^±3\-ri + 
r| + XdXq J 


Vrg + xg 

r| + XdXq 



EFFECT OF VARIABLE EXCITER VOLTAGE ON TRANSIENT 

CURRENT 

Thus far it has been assumed that the field excitation and 
hence the exciter voltage has remained constant during the short 
circuit. This will not be the case if any generators are equipped 
‘ Pabk, R. H., op. cU, 
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with voltage regulators, since the regulators will tend to increase 
the excitation during the short circuit. The magnitude of the 
effect will depend upon the machine characteristics and the rate 
of building up the exciter voltage. ^ The effect may be great on 
machines equipped with high-speed excitation systems or negli¬ 
gible for very low rates of building up of voltage. 

The rate of decay of the subtransient and direct-current com¬ 
ponents in the short-circuit current is generally so rapid as not 
to be appreciably affected by any change of excitation. It is, 
therefore, necessary to take into account the effect of vari¬ 
able exciter voltage only on the slowly decaying or transient 
component. 

The procedure in calculating transient current with variable 
exciter voltage is first to calculate the voltage time characteristic 
of the exciters from the instant the regulator contacts close and 
then to determine eL as a function of time. It will be observed 
that as the exciter voltage increases, the corresponding short- 
circuit current under sustained conditions is increased. To deter¬ 
mine convert the instantaneous values of exciter voltage for 
each machine to per-unit values, using as unit vaiue of exciter 
voltage that required to produce normal or unit voltage at no load 
on the generator. The value of generator voltage corresponding 
to each value of exciter voltage should be taken from the gener¬ 
ator no-load saturation curve in order to take into account 
initial saturation. Set up the synchronous reactance of each 
machine in the complete network, and determine the sustained 
short-circuit current corresponding to the instantaneous values of 
exciter voltage by simultaneously adjusting the applied voltage 
of each machine to the value of exciter voltage as a function of 
time. For example, designating the instantaneous exciter 
voltage of the various machines as exu)} Cxca), exco, etc., set up 
the value of ex in each machine for ^ = 0 and measure or calculate 
the current i; then set up the value of ex in each machine for 
say ^ = 0.1 again determining i for each machine, continuing in 
this manner over the desired period of time. The factor el, for 
each machine can then be calculated as a function of time from 
the equation eL = ex - (xd - Xa)h where ex and i are given 
the values previously found for each interval of time. A con- 

^ Robinson, P. H., Practical Considerations Affecting Quick-Response 
Excitation of Synchronous Machines, Ehc, Jour.^ February, 1928, p. 66, 
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venient method of determining cl», when using a calculating board, 
is to set up Xd of each machine in two sections, one section 
{Xd — x^^ adjacent to the applied voltage and another section 
The sum of these is, of course, {Xd — x^^ + = Xd. The 

value of ci for each machine can be measured between the 
two sections as the voltage ex of each machine is varied 
simultaneously. 

After calculating or measuring eL for each machine, the varia¬ 
tion of the transient internal voltage can be determined, taking 
into account the instantaneous variation of eL. The time con¬ 
stant Td for esLch machine is found exactly as described for the 
condition of constant exciter voltage. Now has been deter¬ 
mined using instantaneous values of as though the value of the 
generator voltage instantly corresponds to the exciter voltage 
as the exciter voltage changes. This, of course, is not true 
because the rate of building up of the generator field current 
with a given change in exciter voltage depends upon the effective 
field inductance and resistance just as the rate of decay of the 
induced field current under short circuit depends upon the same 
inductance and resistance. Therefore, when the generator 
armature is short-circuited, the time constant which applies to 
the current increase in the generator field under the influence of 
the increasing exciter voltage is the short-circuit time constant 
The instantaneous value of e' can be calculated by a step-by¬ 
step process from the formula 

J+Ai 

e' = (e« + Aei,) + [^[i) + Ae«l€ (84) 

or by a graphical method^ which is much simpler. The deriva¬ 
tion of the graphical method is most easily described by con¬ 
sidering the case of a coil carrying a current which is suddenly 
short-circuited upon itself. The instantaneous value of the 
current in the coil after short circuit is 

* = /(*)* ( 85 ) 

The slope of the curve at any instant is 



^ Wagner, C. F., op. cit., Elec. Jour., M&y, 1933, p. 206. 


( 86 ) 
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The slope or tangent to the exponential curve for t == 0 , substi¬ 
tuting in Eq. (86), is —I(i)/T, The tangent intersects the 
horizontal axis at point T as shown in Fig. 18a. If some source 
of potential is present in the .short-circuited coil, then the current 




Fig. 18. 


will decay to the sustained value ia rather than zero as shown in 
Fig. 186. Now the tangent to the curve for ^ = 0 : itersects the 
line i at point T, In applying these principles to the determina¬ 
tion of e\ the slope of the 
tangent is equal to the differ¬ 
ence between the instantaneous 
value of e' and the steady-state 
value that would reach if 
the exciter voltage at the same 
instant remained constant, 
divided by the time constant. 

Thus, to calculate c' for a par¬ 
ticular machine plot cL is a 
function of time, offset on the 
time axis a distance corre¬ 
sponding to the time con- 
Btant T'j as shown in Fig. 19. The tangent to e' for < = 0 
intersects c. at the initial point b. It is assumed that e' follows 
the tangent ab for a small increment of time Ai, measured 
horizontally, which locates point c. Point d is then located by 
measuring the same horizontal distance At between b and d as 
between a and c. The tangent line cd is then drawn. The 
curve e' is assumed to follow the tangent cd for the interval of 
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time A^, thus locating e/, etc., until the complete curve is deter¬ 
mined. The smaller the increment of time M is chosen, the 
more accurate will be the approximation. It is evident that this 
method of construction follows the fundamental principles 
previously outlined. 

After finding e' as a function of time for each machine, exactly 
the same procedure for finding the transient, subtransient, and 
direct-current components is followed as described for constant 
exciter voltages. 

CALCULATION OF EXCITER VOLTAGE AS A FUNCTION OF TIME 

It is necessary to determine the exciter voltage as a function 
of time when including the effect of variable exciter voltage. 



(a) Self Exci+oition 



Main exciier 


Cb) Separate Excitation 
Fig. 20. 



The rate at which the exciter voltage builds up depends upon the 
rate at which the current in the exciter field can be increased. 
The excitation supply is usually provided by a self-excited or 
separately excited exciter as shown in Fig. 20a and 6, respectively. 
Self-excited exciters build up more slowly than separately excited 
ones because the armature voltage and rate of increase are 
mutually dependent. High rates of increase in voltage are 
generally obtained by dividing the exciter field into a number of 
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parallel paths and placing resistance in series with each path, 
by using a high-voltage exciter with voltage-limiting resistance, 
and by laminating the exciter field poles and yoke. 

A simple step-by-step method for the calculation of ex is given 
in the following derivation: 

N = number of turns per field pole 
n = number of poles 
n' = number of parallel field circuits 
4> = total flux per pole 
Ef = applied voltage to exciter field 

Tx = resistance per field circuit with regulator contacts closed 
i = current per circuit in the exciter field 
ex = exciter-armature terminal voltage 

= total flux per pole at no-load normal voltage 
eif = exciter no-load normal voltage 


E, - fe - 


eif 

d<l> 
dt 


<l>n dex 

en dt 


(87) 

( 88 ) 
(89) 


Substituting (89) in (87) 


Er — irx = 


dex 

<U 


nN4>ndex 

ej»10* dt 

{Er — irx)ewlO* 


n 


K = 


n 

= K{Er 
CatIO* 


irx) 


n 




(90) 


(91) 


The voltage ex is calculated from Eq. (91) by a step-by-step 
process using columns with the following headings: 

. . • / n • \ dsx A A dex 

t, t, VTxy {Ef — irx), 


For separate excitation, assumhig the regulator contacts 
remain closed, the voltage Ef applied to the field is constant 
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throughout the calculations. For self-excitation the value of 
Ep changes for each interval of time A^. The value of Ep at any 
instant should be that value of ex at the end of the preceding 
interval of time. The value of ex at the instant of fault < ~ 0 
depends upon the position of the regulator contacts. Some 
average value should be assumed for < = 0, and then the length 
of time the contacts are closed and open must be considered. The 
value of i at each interval of time is that corresponding to ex 
of the preceding interval of time and is obtained from the no-load 
saturation curve. This is not exact since there is an increasing 
voltage drop in the armature as the current builds up, so some 
curve between the no-load and full-load saturation curves should 
be used. Tests show that, due to the high inductance of the 
generator field, the exciter armature current builds up so slowly 
that there is no appreciable difference in the rate of building up 
of voltage when the exciter is on open circuit and when con¬ 
nected to the generator field. The calculated values of ex should 
be shaded somewhat because eddy currents induced in the pole 
structure tend to prevent the flux from changing and hence 
retard the rate of building up. 

SYNCHRONOUS MACHINE CONSTANTS 

The constants of synchronous machines are generally given 
by the manufacturers as determined either by calculations from 
design data or by test. In order to give the reader a compre¬ 
hensive understanding of the constants, a brief description will 
be given of the methods of determination by test.^ Unless 
otherwise specified, no distinction will be made between react¬ 
ance and impedance. 

The reactances and time constants of synchronous machines 
are affected by saturation in the magnetic circuits during fault 
conditions. Saturation being a function of voltage and current 
will necessarily be affected by the terminal conditions. The 
constants, therefore, are really not constant under fault condi¬ 
tions when saturation exists to some degree, as is usually the case. 
Saturation causes sufficient changes in machine-reactance values 
that it must be taken into consideration. The effects will be 

* The basic material for this section was taken from S. H. Wright’s Deter¬ 
mination of Synchronous Machine Constants by Test, Trans. AJ.E.E.t 
vol. 50, p. 1331, 1931. 
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different for round-rotor and salient-pole machines, and it has 
been found that tests suitable for determining the constants of 
one-type machine will not be suitable for another type. In 
general only one value of each constant is necessary for practical 
calculation of fault currents, and that is the value existing under 
dead short-circuit. Thus direct-axis subtransient and transient 
reactances and short-circuit time constants are determined as the 
saturated values for a dead three-phase short circuit applied at 
no-load normal voltage. Negative-sequence reactance is the 
saturated value effective for a line-to-line short circuit at the 
terminals of the machine \mder similar conditions. The effect 
of saturation on zero-sequence currents is not generally large 
enough but that the reactance can be determined by circulating 
rated current in the armature. This gives an unsaturated or 
rated current value of reactance. Quadrature-axis subtransient 
and transient reactances and time constants are taken as the 
saturated values existing when the machine is short-circuited 
from a slip test. The direct- and quadrature-axis synchronous 
reactance is usually taken as the unsaturated value as defined by 
the A.I.E.E. When saturated values of these reactances are 
used, they are defined as those effective at rated load. 

DIRECT-AXIS CONSTANTS 

x'j and from Short Circuit.—The machine driven as a 
generator at no-load normal voltage and frequency is suddenly 
short-circuited. An oscillograph record is taken of the current 
in the three phases. The envelopes and mid-point curves are 
drawn for the wave of each phase. From the known rated 
r.m.s. current of the machine and the oscillograph calibration, 
factors are computed for converting measured values of sym¬ 
metrical and asymmetrical current from the oscillogram to 
per-unit values. The per-unit values of the asymmetrical com¬ 
ponent are plotted on semilogarithmic paper, t.e., time scale 
uniform and current scale logarithmic. Since the transient 
components have a rate of decay essentially exponential, when 
plotted on semilogarithmic paper they appear as straight lines 
and can be more accurately projected to zero time. The plotted 
values are shown in Fig. 21. The current during the first half¬ 
cycle of short circuit cannot be accurately determined so the 
curves are projected to zero time, as shown by the dotted lines 
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in Fig. 21, to obtain the initial values in each phase at zero time. 
The magnitude of the direct-current component in each phase 


Fia. 22.—Graphical method of deter¬ 
mining maximum possible direct-current 
component from three-phase short 
circuit. 

depends upon the instant at which the fault is applied so that it 
is a matter of chance whether the maximum possible component 

appears in any particular phase. 
The maximum possible direct- 
current component can be de¬ 
termined from a graphical 
construction using the values 
in Fig. 21 for zero time. The 
values of a, 6, and c are laid off 
60® apart, the largest value 
being the middle line as shown 
in Fig. 22. Perpendiculars are 
drawn to each line and the 
intersections of the three per¬ 
pendiculars locate the termina¬ 
tion of id.c. which is the max¬ 
imum possible direct-current 
component. The method applies to machines having a sine- 
wave symmetrical component of short-circuit current. The 
method of construction follows from the fact that when, for 
example, the axis of phase a and the axis of the field coincide. 



Fio. 23.—Relation between armature 
phases and field axes. 



Time 


Fio. 21.—Direct-current component 
plotted on semi-log scale. 
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the axes of phase b and c are 60® and —60®, respectively, out of 
space phase with the axis of the field poles. These relations 
are shown in Fig. 23. The equations for the direct-current com¬ 
ponent in each phase for a short circuit from no load are: 

^d.o.(a) ~ k COS a 

id.cAb) = k COS (a + 120®) 

U.cAc) = k COS (a - 120®) 

where a is the angle between the axis of phase a and the pole axis. 
For a fault occurring when a = 0 , 

^*d.c.(a) — k 

4o.(w = k cos (+120®) = —0.866fc 
4 c.(c) = fc cos ( — 120®) = -0.866fc 


Under this condition the maximum possible direct-current com¬ 
ponent appears in phase a. Using the construction shown in 
Fig. 22 it will be seen that the resultant of 6 - and c-phase com¬ 
ponents intersects a or is 
simply k. Similar relations 
exist for any other value of a — 

The average of the per-unit 1 \ 

r.m.s. values of the syminetri- • K 
cal component in the three \ 

phases is plotted as shown in I 

Fig. 24. The envelope cannot j y 
be drawn for the first half-cycle j j 

of fault. The subtransient i i' [ 

reactance depends upon the j | _ Susfainec/yurrerrh _ 

initial zero-time current, hence ^ | I 

must be accurately determined. 77 ^^ 

With sinusoidal current, the Fig. 24—Average r.m.s. symmetrical 
. .... I i. • 1 component of current in the three phases 

maximum mitial symmetrical for a three-phase fault. 

component is equal to 1 /V^ 

times the maximum initial direct-current component, or = 
0.707td.c., where id.c. is the value determined in Fig. 22 . The 
curve of Fig. 24 can now be extended to the zero time value of 
t". The subtransient reactance is the voltage before short 
circuit divided by z", normal vol^ge being unity in the per- 
unit system, z.c., = l/z". 
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The transient reactance is found as the ratio of voltage to 
current, neglecting the subtransient component. The difference 
between the total current, excluding Ai", and the sustained 
current or At' is plotted on semilogarithmic paper and projected 
to find the value at zero time just as was done for the direct- 
current component. The At' component can then be replotted 
in Fig. 24. The transient reactance is the voltage divided by 
the initial transient current, exclusive of the subtransient 
component. 

x'J from Locked-rotor Test. —^The rotor is short-circuited and 
locked in some position. A single-phase voltage of such value as 
to circulate about 25 per cent normal current is applied between 




Fig. 25.—^Locked-rotor test for determining x'J and x^, 

any two terminals, as shown in Fig. 25. Readings of armature 
and field current and armature voltage are taken for various 
positions of the rotor over a pole pitch. The maximum value 
of the ratio of field current to armature voltage is the direct-axis 
position and the minimum is the quadrature-axis position. With 
the rotor set in the direct-axis position, rated current is circulated 
and calculated as one-half the ratio of applied voltage to 
line current. 

This method of test is applicable to salient-pole machines with 
dampers, as x'J determined in this way is very nearly the satu¬ 
rated value; however, it is not suitable for determining saturated 
values for round-rotor machines. 

x^ from Locked-rotor Test. —^The same type of locked-rotor 
test can be applied to salient-pole machines without damper 
windings to determine the unsaturated value of transient react¬ 
ance. A high value of circulated current will not give the 
saturated value because saturation is produced by armature 
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current and field excitation and the latter is not present. The 
saturated value may be determined approximately by multi- 
pl 3 dng the unsaturated value measured at low current by an 
empirical factor 0.88. This factor was determined from a large 
number of tests by Wright.^ 

from Other Constants. —The saturated value of transient 
reactance can be found from the relation 

rp 

^ do 

where is the saturated value and Xd the unsaturated value. 

S3niclironous Reactance Xd from Slip Test. —The synchronous 
reactance is usually determined as the ratio of the field current 

Quadrature Direct 
Axis Axis 

Vo/tage across 
open field 


Armature 

voltage 


Armature 

current 


Fiq. 26.—Relations during slip tost for determining Xd and Xq, 

required to circulate rated armature current on a dead three- 
phase fault to the field current required to produce normal voltage 
at no load if there is no saturation, xa can also be measured 
by a slip test in which the machine is driven with the field open 
and a balanced three-phase voltage of about 25 per cent normal 
value applied to the armature. The speed is adjusted for a low 
value of slip. A voltage of slip frequency is induced in the field. 
An oscillograph record of the field and armature voltage and 
armature current is shown in Fig. 26. The ratio of applied 
voltage to current is Xd when the field is magnetized in the direct 

^ Wbight, S. H., op. ciu 
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axis as indicated by zero voltage. The slip must be very low, 
or induced rotor currents will reduce the measured value of Xd> 


QUADRATURE-AXIS CONSTANTS 

x” and x^^ from Short Circuit.—The saturated values of x'/ 
and are determined by applying a short circuit during a slip 
test. Rated current is circulated in the armature and a dead 
three-phase fault applied when the rotor is magnetized in the 
quadrature axis. An oscillograph record of the current in all 
three phases is taken and analyzed following the same procedure 
as for x*J^ and x^. The total symmetrical current is projected to 
zero time to obtain the initial subtransient current. If e is the 
applied voltage, ii the current before short circuit, and the 
initial subtransient symmetrical current, then 

ii(xq - x^^) = c - iix'^ (92) 

= ii{x^ - x'g') (94) 



Substituting the value of e" from Eq. (93) in (94) and solving 
for x'; 


^ ii + i;' 

iiXq = e 


(95) 

(96) 


X 


" = 
Q 


e 


(97) 


The values of x^^ before and after short circuit are different so 
it is necessary to determine for the same current, the low current 
value existing during the modified slip test. This value is used 
in calculating e" in Eq. (92) and then the saturated value is 
determined from Eq. (93). The saturated value of x'' is gener¬ 
ally equal to x^' saturated, x^ is found from the same test as 
x'/. The unsaturated value of x\ is found from the modified 
slip test with normal current flowing and is used for calculating 
the transient internal voltage before short circuit. The oscillo¬ 
gram is analyzed for x'^ as described for x^, and the initial 
S3mimetrical transient current is determined neglecting the sub¬ 
transient component. The equation for the transient current 
is of the same form as the subtransient in Eqs. (92) to (97) except 
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that a transient term appears in place of the corresponding sub¬ 
transient term: 


i'n = 


e' 




Xa = 


it + 


( 98 ) 

( 99 ) 

( 100 ) 


Salient-pole machines have no effective quadrature-axis rotor 
circuit, so = Xq. For turbine generators the saturated value 
of can usually be taken as equal to the saturated value of 
x” from Locked-rotor Test.—This tes" is made with the rotor 
in the quadrature-axis position and nea5* normal current cir¬ 
culated, following the same procedure as for the corresponding 
test for (Fig. 25). The subtransient reactance is equal to 
one-half the ratio of applied voltage to current when the rotor 
is in the direct-axis position. 

This test gives approximately the saturated value for salient- 
pole machines with dampers and the unsaturated value for 
turbine generators. 

Xg Unsaturated from Modified Slip Test.—The applied voltage 
is suddenly disconnected when the rotor is magnetized in the 
quadrature axis during a slip test. An oscillograph record is 
taken of the terminal voltage. The terminal voltage, excluding 
the rapidly decaying subtransient component is projected to 
zero time using a semilogarithmic scale. The terminal voltage e, 
the armature current ii before short circuit, and the initial tran¬ 
sient internal voltage determined from the oscillogram are related 
by the expression 


e — e' = iix' 



Synchronous Reactance Xq from Slip Test.—The unsaturated 
value of Xq can be determined from the same slip test as Xd. 
With rotor magnetized in the quadrature axis, Xq is the ratio of 
applied voltage and current. 

Xq Negative-sequence Reactance.—^The negative-sequence 
reactance is taken as the arithmetical average of the saturated 
values of x^ and x'': 

= y2{x^l + <) 
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The negative-sequ^ce reactance can be determined from a sus¬ 
tained Hne-to-line short circuit as shown in Fig. 27. With the 



Fig. 27. —^Line-to-line short 
circuit for determining xt. 


fault on h and c phases, 

Ba is generated voltage in phase a, 

Dividing (103) by ( 102 ) gives 


Z 2 = -i- 


Xq Zero-sequence Reactance.—The zero-sequence reactance 
is not appreciably affected by saturation or by rotation of the 
rotor; therefore, the locked-rotor test may be used as shown in 
Fig. 28. The rotor is short-circuited and the armature windings 



Parallel connection Series connection 

Fig. 28.—^Locked-rotor test for determining Zo, 


connected in either series or parallel and about normal current 
circulated in each phase. The zero-sequence impedance is the 
ratio of the applied voltage per phase to the current per phase. 

Xq may also be determined from a sustained double line-to- 
neutral short circuit. With the fault on phases h and c the voltage 
of the open phase is (see Chap. Ill for derivation), 

_ 3Z0Z26 _ 

ZoZi + Z0Z2 + Z1Z2 

where 60 is the generated voltage in phase a. The neutral current 
in is equal to 3to. Dividing Ca by in 


Zq 


( 105 ) 
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Sequence Resistance. —^The armature resistance to positive-, 
negative-, and zero-sequence current is the resistance component 
of corresponding impedances. The positive- and zero-sequence 
resistances are readily determined by taking a wattmeter meas¬ 
urement in the tests described for determining impedance. The 
negative-sequence resistance may be considerably different from 
the positive because the flux associated with negative-sequence 
currents rotates at twice the synchronous speed with respect to 
the rotor. The negative-sequence loss may not vary as the 
square of the current and it is sometimes necessary to determine 
ii 2 as a loss coefficient rather than a simi le resistance. 

The effective negative-sequence resistance' is most accurately 
measured as the energy loss for a sustained line-to-line fault. 
The measurements are made without external resistance or 
reactance in the field circuit. A method given by Wagner is to 
measure the shaft input at no load and with the machine short- 
circuited line-to-line. The value of R 2 is given as 

„ net shaft input - ^ net shaft input 

«- — -1.0-( 106 ; 


The net shaft input is the input with the machine short-circuited 
less the prime-mover input at no load, the prime-mover losses, 
and the friction and windage losses. 

The value of R 2 can be determined from a wattmeter measure¬ 
ment during a sustained line-to-line fault with a current 1.73 
times rated current. The resistance Rz by this method is (see 
Fig. 27) 


R2 


^ab L _ W2 


(107) 


Direct-axis Time Constants. —^The variation of unsustained 
currents and voltages may not be exponential if saturation exists 
in the circuit. In most cases it is found that an exponential 
curve can be fitted to the actual curve using plots on semi- 
logarithmic paper. More weight should be given to the initial 
values between zero time and the time corresponding to the time 
constant than for the other values. 

Tj Subtransient Time Constant. —The constant is present 
only in machines having additional rotor circuits. Its value is 
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found from a semilogarithmic plot of the subtransient component 
of current Ai" with a dead three-phase short circuit at no load. 
T'J is the time in seconds for the At" component of current to 
decay to 0.368 of the initial value. If considerable saturation is 
associated with the subtransient current, as is usually the case, 
only an approximate exponential curve can be fitted to the 
actual. 

Tdo Open-circuit Subtransient Time Constant.—This constant 
can be found from a modified slip test or suddenly removed 
symmetrical short circuit. In the slip test, with the field short- 
circuited, the applied armature voltage is suddenly disconnected 
when the rotor is magnetized in the direct axis. An oscillograph 
record of the armature voltage is obtained. The slowly decaying 
component of voltage is found by a semilogarithmic plot of the 
envelope of the wave. The difference between this component 
and the total wave is the subtransient component. This differ¬ 
ence is plotted on semilogarithmic paper and T'Jq determined. 

The other method for finding from test is to obtain an 
oscillograph record of the armature voltage when a symmetrical 
short circuit is suddenly removed. The subtransient component 
is determined as the difference between the slowly decaying 
component and the total wave from a semilogarithmic plot. 

The subtransient open-circuit and short-circuit time constants 

x' 

are related by the simple expression = “77 7"^' similar to that 

for transient open-circuit and short-circuit time constants. 

Ta Transient Short-circuit Time Constant.—This is the time 
constant of the transient component Ai' and is found by plotting 
the values for a dead three-phase fault on semilogarithmic paper. 
Since Is the time constant of the field with the armature short- 
circuited, any external resistance or inductance in the field circuit 
will affect the decrement. The test should be made without 
external-field constants. For calculations involving under 
practical operating conditions, should be corrected for the 
value of external resistance or inductance (rheostats, etc.) present 
at the instant of short circuit. 

The unsaturated value of for salient-pole machines may be 
determined from an oscillograph record of armature and field 
current taken when the field winding is suddenly short-circuited 
with about 60 per cent normal current flowing in the short-cir- 
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cuited armature. is determined from a semilogarithmic plot 
of current. The value, if multiplied by the empirical factor 
0.88, gives the approximate saturated value. The test is not 
satisfactory for turbine generators. 

T^o Transient Open-circuit Field Time Constant. —is the 
time constant of the main field circuit with the armature on open 
circuit. It is determined from an oscillograph record of field 
current and armature Voltage taken when the field winding is 
suddenly short-circuited on itself while the machine is running 
with about 50 per cent normal voltage at no load. The value of 
T^o is found from a semilogarithmic plot. This test is not satis¬ 
factory for turbine generators. For turbine generators the 
modified slip test is used as described for determining T'Jq. 

Ta Armature Short-circuit Time Constant. — Ta is determined 
from a semilogarithmic plot of the asymmetrical component of 
armature current for a dead three-phase fault. The direct- 
current component may decay with different time constants in 
the three phases. Generally Ta should be determined from one 
of the two largest components having the most grauual initial 
slope. 

The time constant can be calculated, if the direct-current 
armature resistance and the saturated value of Xz are known, 
from the expression 



QUADRATURE-AXIS TIME CONSTANTS 

Tq Subtransient Time Constant. —This time constant is 
determined from the slip short-circuit test used to determine 
and It is the time in seconds for the difference between 
the total current and the slowly decaying component to decrease 
to 0.368 times the initial difference. 

Tqo Open-circuit Subtransient Time Constant. —This constant 
.is determined from the modified slip test used for finding the 
unsaturated value of x'^. The value of T^q is the time in seconds 
for the rapidly decreasing component of armature voltage to 
decrease to 0.368 of the initial value. 

Transient Time Constant. —The value of is obtained 
from the short-circuit test used for determining x^ and x'^ as the 



Table I.— Constants op Three-phase Stnchronotts Machines^ 
(Values below lines give range of values and those above give average) 



* xo varies so critically with winding pitch that no average is given. 
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time for the slowly decaying component of symmetrical quad¬ 
rature-axis current to decay to 0.368 of its initial value. 

r'o Transient Open-circuit Time Constant—This constant is 
determined from the voltage-decrement test used for determining 
x'g. Its value is the time for the slowly decreasing component of 
armature voltage to decay to 0.368, its initial value neglecting 
the rapidly decaying components. 

Typical average values of constants for synchronous machines 
are given in Table I. These values may be used in the absence 
of specific data on machines. 



CHAPTER VII 


TRANSMISSION-CIRCUIT FORMULAS AND 
EQUIVALENT CIRCUITS^ 

The degree of refinement necessary in the calculation of faults 
for relay applications and settings depends upon the type of 
relays used and the characteristics of the system. The capaci¬ 
tance effects can be neglected on short lines but should be taken 
into account on long lines and cables in the positive-, negative- 
and zero-sequence networks where accuracy is required. The 
effect of ground wires must be considered in the calculation of 
zero-sequence constants. The accurate determination of trans¬ 
mission-circuit constants represents one of the most important 
phases of the entire problem. Therefore, the general formulas 
and procedure bear emphasis. 

INDUCTANCE FORMULAS 

The self-inductance of a single conductor is due to the flux 
within the conductor and that exterior to the conductor resulting 
from the current flowing in the conductor. The general formula^ 
for ,self-inductance of a single, solid, circular, non-magnetic 
conductor carrying a current which is uniformly distributed over 
the cross section of the conductor and with a return circuit at 
some great distance D is 

^ Many of the basic data contained in this chapter have been obtained 
from the following sources: 

Wagner, C. F., and R. D. Evans, Symmetrical Components, Elec, 
Jour,, April, 1931, pp. 239-244; October, 1931, pp. 686-690; May, 1931, 
pp. 308-312; November, 1931, pp. 624-630. 

Symmetrical Components as Applied to Advanced Alternating Cur¬ 
rents,’’ Westinghouse Electric and Mfg. Co., Educational Department, East 
Pittsburgh, Pa. 

Simmons, D. M., Calculation of the Electrical Problems of Under¬ 
ground Cables, Elec, Jour,, May, ^932, pp. 283-287; July, 1932, pp. 336- 
640. 

* See Woodruff, L. F., **Electric Power Transmission and Distribution,” 
John Wiley A Sons, Inc., New York. 
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L = 2 log«- + n abhenrys per centimeter (r = radius of conductor) 

( 1 ) 

The second term of this equation represents the flux linkages due 
to the flux within the conductor. It has been found convenient 
to eliminate this term by finding an equivalent value of r such 
that the value of Eq. (1) is unchanged but reduced to one term. 
This artifice represents the determination of the radius of a 
hollow cylinder with infinitesimally thin walls and having the 
same self-inductance as the original conductor. The current in 
the equivalent conductor flows very near the surface and the 
internal flux is therefore zero. If an expression is set up involving 
all the elements of the first term of the right-hand member of 
Eq. (1), except with Veq substituted for r, and then equated to 
the right-hand member of Eq. (1), the solution for Veq is 

req = 0.779r (2) 

Thus the radius of the equivalent conductor Veq replacing a solid 
round conductor is 77.9 per cent of the radius of the actual con¬ 
ductor. The equivalent radius Veq is commonly called the 
''geometric mean radius(G.M.R.) of the solid conductor. 
Carrying this theory a step farther, the G.M.R. of a stranded 
conductor can be found by considering self-inductance of the 
individual strands involving the strand G.M.R. and the mutual 
inductance between each strand and every other strand assuming 
a common return at some large distance D, The mutual induc¬ 
tance between two parallel strands 1 and 2 is 

il/ij = 21og.^ (3) 

where du is the geometric mean distance (G.M.D.) between 
strands. The G.M.D. between two round parallel conductors 
is equal to the distance between centers. The procedure is the 
same whether determining the G.M.R. of a stranded conductor 
or the G.M.R. of two or more parallel composite or solid con¬ 
ductors. In either case the radius Veq of an equivalent conductor 
is found having the same inductance as the several conductors 
which it replaces. 



214 RELAY SY8TEMS--THE0RY AND APPLICATION 

For example, with three conductors in parallel it can be shown 
that 


2 log. 


D 


Teqldl2dizreq2d2ld2Zf'eq3dzidz2 


= 2 log, ^ (4) 


where Veq is the ninth root of the nine product terms or the G.M.R. 
of the three parallel conductors. 

The mutual inductance between three conductors 1, 2, 3 in 
one group a and a fourth conductor x is 


Max = 2 log, 


D 


‘^dixd224zx 


(5) 


The conductor group a can be replaced by an equivalent con¬ 
ductor at a distance daz from x. Thus dax = ^dixd 2 xdzx> and 

we may write Max = 2 log* j-. The distance dax is the G.M.D, 

dax 

between group a and x conductors. 

In general the G.M.R. of a group of n parallel conductors 
ni, n 2 , . . . , nn, is the root of the product of terms formed 
by multiplying the G.M.R. of the individual conductors by the 
G.M.D. from each conductor to every other conductor, and all 
terms being multiplied, z.e., 

G.M.R. = \/(7',gidl2di3 • • • din) (^,^2 ^21^23 ‘ ' * dzr^ ' * ‘ 

ifeqnd n\dn2 * * * dn—1 ) (6) 

in which di 2 is the G.M.D. from conductor 1 to 2, etc. The 
G.M.D. from a group of n paralleled conductors to a group of m 
paralleled conductors is defined as mn root of the product of mn 
terms formed by multiplying the G.M.Ds. from each of the n 
conductors to each of the m conductors. 

The G.M.R. of individual conductors not of circular section 
can be found by dividing the section into n equal areas and 
applying the methods outlined assuming uniform current dis¬ 
tribution in each area. The same method can be applied to 
determining the G.M.D. between non-circular conductors. In 
Table I is given the G.M.R. of typical conductors in terms of 
the actual radius. 
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Table I.— Gbometbic Mean Radius of Typical Conductors* 


Copper 


Aluminum (steel core) 

Solid. 

. 0.779r 

Single layer. 

. 0.66r>0.70r 

7-strand. 

. 0.726r 

30-strand, 2-layer. 

. 0.826r 

19-strand. 

. 0.758r 

26-strand, 2-layer. 

. 0.809r 

37-strand. 

. 0.768r 

54-strand, 3-layer. 

. O.SlOr 

61-strand. 

. 0.772r 

(Steel strand neglected) 


91-strand. 

127-strand. 

. 0.774r 
. 0.776r 

Copper-clad steel wire_ 

. 0.17r 


* Wagner, C. F., and R. D. Evans, “Symmetrical C'^mponents,” p. 138, McGraw-Hill 
Book Company, Inc., New York. 


POSITIVE- AND NEGATIVE-SEQUENCE CONSTANTS 

Reactance. —The positive- and negative-sequence impedance 
of transmission circuits are the same. A certain amount of 
phase dissymmetry exists in any transmission line, but usually this 
effect is so small that it may be neglected. The effect of proper 
transposition of conductors is to pro¬ 
duce symmetry. Ground wires have 
very little effect upon the positive- 
sequence reactance of transposed lines. 

The positive- and negative-sequence 
mutual impedance between parallel 
transposed circuits is generally so 
small that it can be neglected. 

The general equation for the reactance per phase of a single 
circuit line having any configuration, such as Fig. 1, is 

X = i4.657/10-5 ohms per mile (7) 

The G.M.R. and G.M.D. in this equation may be in any units 
so long as both are in the same units. 

Resistance. —The positive- and negative-sequence resistance 
values to be used are the values per phase properly corrected for 
temperature and skin effect. Accurate data have been pre¬ 
pared on all types of conductors by the manufacturers. 

Capacitance. —The positive- or negative-sequence capacitance 
of a three-phase line having any configuration such as Fig. 1 is 
given by the equation 



Fio. 1.—Unsymmotrical con¬ 
figuration. 
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^ 0.3883 X 10“^ ^ ^ 

C =- 3 ^:- , ■ farads per mile (8) 

I V0l2028»31 

log 10- 

T 

^ ... . .0.4098 X 10^ , ^12^28^31 1 

Capacitive reactance = —j- -j - logio -^^—^ -ohms 

per mile to neutral (9) 


In making calculations it is frequently more convenient to use 
susceptance than reactance. The susceptance is the positive 
reciprocal of the reactance and is given by the equation 


jb 


2.44/ 10-^ 


log] 




mhos per mile to neutral 


( 10 ) 


The value of r in these equations is the actual radius of the 
conductors rather than the G.M.R. as appeared in formulas for 
inductive reactance. This is due to the charge being distributed 
over the surface of the conductor while the current is distributed 
throughout the conductor. 

The presence of the earth and of ground wires has some effect 
upon the capacitance, but with a properly transposed line this 
effect is so small that it may be neglected. 

ZERO-SEQUENCE CONSTANTS 

The zero-sequence impedance of transmission circuits is the 
impedance to currents in phase in the conductors. The zero- 
sequence currents divide equally between the three conductors 
of a single-circuit three-phase line and have a common return 
through earth or earth and ground wires. The current returning 
through the earth follows the irregularities of the line rather than 
taking any short cuts that may exist. 

The earth is a conductor of enormous dimensions and non- 
uniform conductivity, and the earth-current distribution is not 
uniform as a consequence. It is necessary to know the distribu¬ 
tion of the earth current in order to calculate the impedance of 
conductors with earth return. This problem has been investi¬ 
gated by a number of engineers and solutions obtained using 
different assumptions. The work of Carson has found more 
favor than others in this country. He started with the assump¬ 
tion that the earth is a solid with plane surface, infinite in extent, 
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and of uniform conductivity. In general his results check 
experimental results rather closely. On short lines, error is 
introduced due to end effects.^ 

With certain simplifications, the Carson formula for the self¬ 
impedance of a single conductor a with earth return is 

Zaa = iJc + 1.588/10“® +/4.657/10“® logio — ohms per mile (11) 

where Rc is resistance of conductor per mile. 

The mutual impedance between two parallel conductors a and 
X with common earth return is 


Za, = 1.588/10-’ + i4.657/10-*' logio^*- (12) 

dax 


The term D« in these two equations is the equivalent depth of 
earth-return current and is given by the expression 


D. 


6.843 X 10-» 

vv 


(13) 


where X is conductivity of earth in abmhos per centimeter cube. 
The formulas include both the impedance of the overhead con¬ 
ductors and the earth-return circuit. The value of X is a variable 
factor depending upon soil conditions. The following are 
typical values; 



X 

D, in feet, 
60 cycles 

Dry earth. 

10-1* 

8840 

Damp earth. 

10-13 

2800 

Sea water. 

10-11 

280 



Single Circuit—No Ground Wires.—The basic formulas given 
above can be applied to obtain the zero-sequence impedance of 
lines. Assuming a single-circuit line with transposed conductors, 
the zero-sequence current divides equally between the three 
conductors and the voltage drop in each conductor is equal. 
Since the currents divide equally, the three conductors can be 

1 For a more complete discussion see C. F. Wagner and R. D. Evans, 
op. city Elec, JouT,y April, 1931, pp. 239-244 and J. E. Clem, Reactance of 
Transmission Lines with Ground Return, Trans, A,I,E,E,y vol. 60, pp. 903- 
918, 1931. 
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replaced by a single equivalent conductor of equivalent radius 
G.M.R. = (14) 

and resistance one-third the resistance of each conductor and 
carrying the total current. Substituting in Eq. (11) and multi¬ 
plying by 3, since this equation is based on a single conductor, 
gives 

Zo = Rc H- 4.764/10-* +il3.97/10-* logio ohms per 

mile per phase (16) 

where G.M.R. is as given in Eq. (14) and Rc is the resistance of 
one conductor. 

Single Circuit—One Ground Wire.—When ground wires are 
present the zero-sequence return current divides between the 


,Z//7ff cono/ucfors 



Fig. Pa. —Single-circuit, one-ground Fia. 3.—Equivalent circuit for single 
wire, o, Group line wires; x, group circuit with ground wires, 

ground wire. 


earth and the ground wires. The ground wires have considerable 
influence upon the zero-sequence impedance and must be taken 
into consideration. The impedance of such a circuit as Fig. 2 
can be determined by setting up an equivalent circuit, Fig. 3, 
and applying Eqs. (11) and (12). In Fig. 3, Zaa is the self¬ 
impedance of the three line conductors in parallel with earth 

return, Z*» is the self-impedance of the ground wire with earth 
return and is the mutual impedance between line and ground 
wires. We may write: 

Ea = laZaa + I»Zax (16) 

0 = laZax + IxZxx (17) 


Solving for 7* in Eq. (17) and substituting the result in (16) 
gives 


E 




(18) 
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The zero-sequence impedance is the voltage drop with 1 amp. 
in each of the line conductors or 3 amp. in the a group of three 
parallel conductors as in the equivalent circuit. 

Za = z(Zaa - ^Z,^ (19) 

where 

Zaa = 4° + 1.588/10-’ -1-/4.657/10-’ logio — (20) 

^ ^eq(a) 

+ 1.588/10-’ + /4.657fl0-’ log,o — (21) 

Za. = 1.588/10-’ -1- /4.657/10-’ logio ^ (22) 


The terms have the following significance: 

Rc = resistance of one line conductor. 

Rx = resistance of ground wire. 

Teqid) = G.M.R. of three line conductors = 

Teq{x) = G.M.R. of ground wire. 
dax = G.M.D. from line conductors to ground conductor 
~ dixdqxdzx 

The current returning in the ground 
wire from Eq. (17) is 

—I = 

^xx 

Single Circuit—Two Ground Wires. ' |^.. p .j' 

The zero-sequence impedance of a F,a. 4 .— single circuit with 

single-circuit line with two ground ground wires. Ground 
wires can be determined in exactly the gro^p 
same manner as the preceding case. 

The configuration for a typical circuit is shown in Fig. 4. The 
circuit Fig. 3, is now the impedance of two ground wires in 
parallel. Equations (19) to (22), inclusive, apply, except that 
the values of terms Rx, and dax have the following values: 
Rx = resistance of two ground wires in parallel. 

Uq{x) = G.M.R. of ground wires = \/ reqvdv 2 ' 
dax = G.M.D. from line to grjound conductors 
= diYdi2>d2\'d22'dzvdz2' 
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Double Circuit—^No Ground Wires. —When parallel trans¬ 
mission circuits are closely spaced, it is necessary to take into 
consideration the mutual coupling for zero-sequence currents. 
The mutual impedance between two parallel lines with common 
earth return and no ground wires follows directly from the 
application of Eq. (12). In Fig. 5a is shown the configuration 


Qroup Cl Group b 

cono/ucfors conc/uciors 




(b) Equivalent circurf for determining 
zero sequence impedance 


a 



(c) Equivalent circuit without mutual 
Fig. 6.—Double-circuit line, no ground wires. 

for two circuits a and 6. The zero-sequence mutual impedance is 
Zo6 = 4.764/10“’ + /13.97/10”’ logic ^ ohms per mile per phase 

dab 

(23) 

wheredofc = G.M.D. between circuits = ^^ 14 ^ 15 ^ 16 ^ 24 ^ 26 ^ 26 ^ 34 ^ 86^36 
The equivalent circuit for determining the combined zero- 
sequence impedance of two dissimilar parallel circuits is shown 
in Fig. 56 and is of the same type as Fig. 3. The following 
equations may be written: 


Ea = laZaa + IbZab 

(24) 

Eh = IbZbh ^ laZab 

(25) 

Ig = la Ib 

(26) 


TRANSMISSION-CIRCUIT FORMULAS 221 


Equating (24) and (25) and solving for /« gives 



/. - hp- 

"ao 

~~ 2!ab 

“ Zab 



(27) 

Also 

I, = ItK 

or 

h = 

K 

(28) 

where 


— Zah 
— Zab 





Substituting Eq. (27) in (25) and substituting from Eq. (28) 
for Ih gives 

y + Za^^^~ ) (29) 

^aa ^ ehJ 

The zero-sequence impedance is the voltage drop with /, = 3; 
therefore, 

- <zffzfi) »'» 

The terms in Eq. (30) have the following values: 

= % + 1.588/10-’ -f-J4.657/10-’ log,o 

O f'eq(a) 

where Rea is resistance of one conductor in circuit a and 

rfig(a) = \/r|q id 12^23^31* 

= ^ + 1.588/10-“* + /4.657/10-* log,o — 

6 Teqm 

where Rcb is resistance of one conductor in circuit b and 
r,«(w = 

Zdb = one-third the value given in Eq. (23). 

If the two parallel circuits are identical, then Z^ — Z» and 
Eq. (30) reduces to 


Z. = 3| 


(31) 
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An equivalent circuit without mutual impedance can be found 
from inspection of Eqs. (24) and (25). This circuit is shown in 
Fig. 6c. 

Double Circuit—One Ground Wire.—The configuration and 
equivalent circuit for this case are shown in Fig. 6a and 6, respec¬ 
tively. In order to reduce the circuit to a convenient form for 
use in the zero-sequence-system network it is desirable to obtain 
an equivalent circuit with the ground wire eliminated. Follow¬ 
ing the same method as in the previous cases, 

Ea = laZaa + Ih^ah + IxZax (32) 

Eh = IhZhb “f" laZab “h IxZbx (33) 

0 = IzZxx "V laZax + IbZbx (34) 

Solving Eq. (34) for /» and substituting the result in Eqs. (32) 
and (33), 

Ea = Ia(Zaa “ |^) + ^<>{^ 0 , - ( 35 ) 

Ex. = - 1^) + ^a(Za6 - (36) 

== -^a + Ih 

where Ig is the total return current. 

These equations may be handled in the same manner as Eqs. 
(24) to (30), inclusive, the only change being the self and mutual 
coefficients of /« and lb- The equivalent circuit without mutual 
or ground wires (Fig. 6c) can be obtained from inspection of 
Eqs. (35) and (36). The values of the elements of this circuit 
are: 




The terms in these equations have the following values: 
Z.a •= % + 1.S88/10-* + J4.657/10-* logio — 

^ ^SQ(a) 


(37) 

(38) 

(39) 
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where 


Z66 = ^ + 1.588/10-* +i4.667/10-*' log 


where 


r.jtw = 

+ 1.588/10-’ + j4.657/10-» logi 


D, 

10 - 

^eq(b) 


De 

refl(af) 


Group X f 
ground wires'^ 


2 ' 



Group a 



(oi) Configora+ion 




la ^ 

^cua 





h , 

^bb 

\zab 





. 

\ 

Zxx 1 


'ZCK^ 







(b) Eduivoilcnt Circuit 
Fig. 6.—Double circuit with ground wires. 

where rcg(*) is the G.M.R. of ground wire. 

= 1.588/10-» + i4.657/10-» logw ^ 

dab 


Eoirfh c/rcu/f’^ 


where dab ~ ^dududi^d 2 Ad 2 bd 2 bdzAdz 6 dze^ 

Zaz = 1.588/10-» + j4.657/10-» logi« p 

dax 

where do« = du'dai'd*!'. 


ax 
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Zi, = 1.588/10-* + i4.667/10-> logic ^ 

<*hz 


where dhz — 

Double Circuit—^Two Ground Wires.—The constants for a 
double-circuit line with two ground wires is the same as for the 
case with one ground wire, except that req{x)t ^ox, and db» have 
the following values: 

Rx == resistance of two ground wires in par allel. 

Teqix) = G.M.R. of ground conductors a: = \/Veqvdvr 
dax = '\/di\'d\q>dqi>d22*dzvdz2* 
dhz ~ ci4r(i42'd5i'dB2'd8rd62' 

m Circuits— n Ground Wires.—The procedure demonstrated 
for the solution of the preceding cases can readily be extended 
to cover the general case of any number of line and ground wires. 
Sometimes cases occur where more than two circuits are involved 
such as two double-circuit tower lines on the same right of way 
with one ground wire per tower line. Each line circuit may be 
replaced by a single equivalent conductor, but the ground wires 
may be separated by such a distance that the current division is 
unequal for a fault at any point other than a bus; therefore, it is 
desirable to retain the identity of each ground wire. 

For the general case let a, 6, c, . . . , m be the equivalent 
conductors replacing each line circuit and x, y, . . . , n the 
equivalent conductors for the individual ground wires. The 
currents and voltages to ground in the line groups are /«, 

Ih} • • • > and Ea} E^f . . . , Em* 

Ea = (laZaa + IbZab + ’ ‘ * ImZam) + 

{IxZax + lyZay + * * ’ InZan) (40) 

Eb = {IbZhb + laZab + • • * ImZbrrd + 

(IxZbx + lyZby -}-••• InZbn) (41) 
Em = (JaZam + IbZbm -f- • • • ImZmm) + 

(JxZmx + lyZmy + * * * InZnnd (42) 

For the ground conductors: 

0» — (JxZxx + lyZyx + • • • InZnx) + 

(laZax + IbZhx + * • * ImZmx) (43) 
Oy = {lyZyy + IxZyx + ’ ’ * InZny) + 

{laZaiy + IbZby + • • • /m^my) (44) 
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On — {IxZnx “1“ lyZny + • • • + 

(JaZan + IhZhn + * * • ImZmn) (45) 

The right-hand member of these equations should be multi¬ 
plied by 3 to convert to a zero-sequenco per-phase basis if all 
impedance terms are based on Eqs. (20) to (22). 

As an example of the application of this method consider the 
case of a three-circuit line having line-conductor groups a, &, 
and c and ground wires x and y. It is assumed that the ground 
wires must not be replaced by an equivalent conductor because 
of the difference in their distances from the faulted circuit. 


Ea = laZaa + hZab + IcZac + I xZax + lyZay (46) 

Eb = IbZbb + laZab + IcZbc + IxZbx + lyZby (47) 

Ee = IcZcc + laZca + IbZbc + IxZex + lyZcy (48) 

Ex = 0 = IxZxx -i- lyZxy + laZax + IbZbx + IcZcx (49) 

Ey = 0 = lyZyy IxZyx “1“ laZay "1“ IbZby “f* IcZcy (50) 

Solving Eqs. (49) and (50) for J* and ly in terms of /«, /&, and 
Ic and substituting the result in Eqs. (46) to (48) gi\cs three new 
voltage equations involving only currents /«, hf and /c. An 
equivalent network is thus derived which may be substituted in 
the system zero-sequence network. The procedure is the same 
as for the case of a double-circuit line with one ground wire. 

It is possible when reducing multiple circuits to a simpler 
equivalent to replace two or more circuits with an equivalent 
conductor. For example, assume that it is desired to make 
calculations for a fault on circuit 1 of a four-circuit line. If 
circuits 1 and 2 are on one tower line and 3 and 4 on the other, 
the latter two may be replaced by a single equivalent conductor 
and the former by individual equivalent conductors. The 
ground wires may be replaced by a single equivalent conductor or 
by individual equivalent conductors depending upon whether the 
current division is the same in the ground wires. The circuits 
may then be analyzed by the methods described. 

ZERO-SEQUENCE CAPACITANCE 

Single Circuit.—On lines of considerable length, in order to 
obtain an accurate analysis it is necessary to consider the 
zero-sequence capacitance. No definite rules can be given as to 
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the length of line where capacitance must be considered, as other 
characteristics, such as coupling, shunt reactive loads, and 
operating voltage, affect this. Furthermore, the particular relay 
application being investigated generally dictates the accuracy 
refinements. 

The zero-sequence capacitance can be calculated^ by assuming 
the earth to be an equipotential plane between the charge on the 
conductors and the opposite charge on the images of the con¬ 
ductors which are at the same 
distance below the plane as the 
real conductors are above, as 
shown in Fig. 7. The capaci¬ 
tance is given by the expressions 



Co = 


0.1294 X 


log 


G.M.D. 


f arads 


xo = -3c, 


G.M.R. 

per mile (51) 
.1.229 X 10^ 




Fia. 7.—Transmission line and images. 


"27i/Co 

, G.M.D. , ., 

logio Q g ohms per mile 

to neutral (52) 
^ 0.8131/ lO-'f 

-,—ot:d. 

mhos per mile (53) 


G.M.D. = '^dii/di2'di3'd21'd22'd28'd81'd82'd38' 

G.M.R. = 

It is generally sufficiently exact to calculate the G.M.D. from 
the following formula in which Ai, hz, and hz are the conductor 
heights above the earth plane: 

2Qii + ^2 + As/ 

3 


G.M.D. 


In determining the G.M.R., the value of r to use is the actual 
physical radius of the conductor since the charge is distributed 
over the surface. 

^ For a more complete discussion s^ C. F. Wagner and R. D. Evans, 
op. ct^., jEfZec. /our., May, 1931, pp. 30^309. 
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Double Circuit. —If two or more parallel circuits are closely 
spaced, it is generally convenient and necessary to calculate the 
self and mutual susceptance for use in the equivalent network. 
The charging current for two parallel circuits a and b can be 
expressed by the following equations: 

la ~ Eajhaa ^^bjbab (5^) 

h == Ebjbbb — E^jbab (55) 

In these expressions, baa and are self-susceptance or the 
susceptance due to the charge on a and 6, respectively, while 



Fia. 8.—Susceptance of parallel circuits. 


bbb is the mutual susceptance or that due to the charge on one 
circuit resulting from potential on the other circuit. In Fig. 8 
is shown a schematic representation of two circuits a and b with 
their images. Circuits a and b may be multiconductor circuits 
but are represented by single equivalent circuits. With a charge 
Qa in absolute units on a and no charge on b, the potentials above 
ground of a and 6, respectively, are 

F. = log. ^ (66) 

feq(a) 

V, = 2ga log. ^ (67) 

dab 

When circuit 6 has a charge Qb at the same time as a has a 
charge go, then 



228 RELAY SYSTEMS—THEORY AND APPLICATION 


7. = 2g. log. ^ + 2ft log. ^ (58) 

Teq(a) 0/ah 

Vt - 2ft log. ^ + 2ft log. ^ (59) 

Teqib) CLab 

Solving for Qa and qb in terms of Va and Vb and converting to 
susceptance in mhos per mile per phase gives 

0.813 l/lO-Mogio — 

6 a«=J --(60) 

Ai 

0.8131/10-nogio— 

= j -(61) 

0.8131/10-nogio 

bo, = j -^^ (62) 


where 


K^ 


= logio 


doa' 

Teq(a) 


log 


10 


dbb' 

^eq{h) 



The equivalent circuit, Fig, 86 for the parallel lines of Fig. 8a, 
can be determined from Eqs. (54) and (55). With unit voltage 
on a and one end of 6 grounded, the current flowing in 6 is jhobj 
from Eq. (55). The susceptance between a and 6 in Fig. 86 is 
therefore hah- For this same condition the current flowing in a 
is jhaay from Eq. (54). Since jhab is connected between a and 6, 
it is necessary to connect a susceptance j(baa — bai) between 
a and ground in order that current jbaa may flow in a. Similar 
relations exist for the circuit connecting 6 and earth. 

This method of attack can be applied to any number of 
parallel, closely linked circuits, but the equations become 
quite cumbersome when more than two circuits are involved. 


EFFECT OF GROUND WIRES 

The effect of ground wires on the positive- and negative- 
sequence capacitance is generally negligible. The effect on 
the zero-sequence constant may be of such magnitude that it is 
desirable to include the effect. The ground wires should be 
handled as any other conductors, as described, and the equivalent 
circuit set up including ail conductor groups. For example, 
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in Fig. 8a, if conductor h is the ground-wire group and is con¬ 
nected to earth, then, in the equivalent circuit. Fig. 86, the 
same connection is made and the circuit reduces simply to baa 
connected from circuit a to earth. 


CONSTANTS OF CABLES 

The types of cables most generally encountered in practice 
are single conductor, belted three conductor, and shielded three 
conductor, all lead-covered. Owing to the close proximity of 
conductors, the equations applicable to the calculation of over- 
head-line constants are not sufficient!v accurate for cables. 
The problem is further complicated by the presence of sheath 
currents which affect the apparent values of both resistance 
and reactance of conductors. 


POSITIVE- AND NEGATIVE-SEQUENCE CONSTANTS 

Resistance. —In cables the positive- and negative-sequence 
resistance is increased over the direct-current resistance due to 
spiraling of the strands, twisting of the three condi '^tors about 
each other in three-conductor cables, skin effect, and proximity 
effect. The resistance of various cable conductors can be 
obtained from data published by cable manufacturers. 

Voltages induced in the sheaths of single-conductor cables 
that are bonded and grounded produce sheath currents and 
hence sheath losses. These additional losses can be taken into 
consideration most conveniently by increasing the resistance 
assigned to the conductor and then neglecting the sheath currents 
entirely. 

It can be shown that with three single-conductor cables with 
equilateral spacing and negligible sheath-proximity effect the 
additional resistance due to sheath losses^ to be assigned to the 
conductor is given by the expression 


AR = 


XiR. 

Xi + R. 


(63) 


where 


Rm = sheath resistance = 
per phase at 50®C. 


0.200 


+ r4){n - ^ 4 ) 


ohms per mile 
(64) 


^ Simmons, D. M., op. cit.f Eke. Jour.f June, 1932, p. 284. 
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Xm ^ mutual reactance between conductors and sheaths 

2/S 

*= j4.667/10“* logio —;— ohms per mile per phase (65) 

r4 -j- rs 

S = distance between conductor centers in inches. 
r 4 =* inner radius of lead sheath in inches. 

Tb — outer radius of lead sheath in inches. 

^4 ^5 

— 2 — “ mean radius of sheath in Eq. (65). 

Rc =* alternating-current resistance of one conductor. 

The total positive- or negative-sequence resistance is 


R ^ Rc "h 


XIR. 


ohms per mile per phase 


( 66 ) 


If the conductors are arranged in any form other than tri¬ 
angular it is sufficiently accurate to use the G.M.D. between 
conductors for S. 

In general the sheath losses can be neglected in three-con¬ 
ductor cables in determining positive- and negative-sequence 
resistances. This discussion has been premised on flow of 
sheath currents. If devices are used to eliminate sheath currents, 
then the corrections can be eliminated. 

Reactance. —The expression for the positive- and negative- 
sequence reactance of single-conductor or three-conductor cables, 
assuming uniform distribution of current throughout the con¬ 
ductor section and neglecting the effect of sheath currents is 

X = j4.657/10'“® logio — ohms per mile per phase (67) 

Teq 


where Veq == G.M.R. of conductor. 

The effect of sheath currents in single-conductor cables is 
to produce an apparent reduction in reactance. The last term 
in the following expression covering this case represents the 
reduction due to sheath currents: 


a: = i4.657/10--3 logic R^ 

In three-conductor cables the reduction in reactance due to 
induced sheath currents may generally be neglected. 

Many three-conductor cables are made using sector-type 
conductors because the space factor is better. The sector- 
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type conductor does not have a definite mathematical shape, and 
many different forms have been placed on the market. Accurate 
data are not available on the sector conductors, but Simmons 
has proposed as an approximation that the distance between the 
centers of the small diameters of the sectors be taken in deter¬ 
mining the value of S, 

The type H shielded three-conductor cables are in general 
use. The shield consists of a thin metallic tape wound around 
the conductor insulation to provide control of the electrostatic 
stress. For the purpose of short-circuit calculations, the effect 
of the circulating induced currents in th*^ shields has a negligible 
effect upon the positive- and negative-sequence resistance and 
reactance. 


ZERO-SEQUENCE IMPEDANCE 

The problem of determining the zero-sequence impedance 
of cable circuits is essentially the same as for overhead lines. 
The zero-sequence resistance is three times the resistance of 
three conductors in parallel. The zero-sequence currents are in 
phase in the three phases, and the proximity effect is greater but 
is still negligible for practical calculations. The effect of sheath 
currents is present with either single- or three-conductor cable 
with zero-sequence currents flowing. 

Cable circuits are generally provided with one or more ground 
connections, and usually considerable leakage exists due to the 
medium surrounding the sheath. If damp earth or water 
is in contact with the sheath, then the earth may carry a con¬ 
siderable portion of the return current. In case the cable is 
installed in a dry fiber conduit, practically all the return current 
will flow in the cable sheath. In general it is necessary to con¬ 
sider the earth and sheath paths acting in parallel. 

It can be shown^ that the self-impedance of a conductor in a 
non-conducting conduit in the earth and with earth return is 
given by the same expression as that for an aerial conductor, 
namely, 

Zaa = fio + 1.588/10-* + i4.657/10-* logw ohms per 

mile (69) 

^ Wagner, C. F., and R. D. Evans, ojftcU.y Elec, Jour.j November, 1931, 

pp. 626-628. 
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The mutual impedance between two conductors in the earth 
with earth return is 

Z., = 1.588/10-» + J4.657/10-* logic ^ ohms per mile (70) 

(tax 

Consider the application of these formulas to the case of a 
three-conductor cable (Fig. 9). The procedure is the same and 
the equivalent circuits similar to the case of aerial conductors. 
It is evident that an equivalent circuit similar to Fig. 5c can 



be set up. In Fig. 96 is shown such an equivalent circuit with 
constants having the following values: 

Zaa = Eq. (69) in which G.M.R. is that of the three conductors 
and ^ ^ 

on 

Zax = 1.588/10-3 + /4.657/10-3 logio — 

^4 “h rs 

The self-impedance of the sheath Zxx is equal to the mutual 
impedance Zax between conductors and sheath since the G.M.R. 
of the sheath is the same as the G.M.D. between conductors and 
sheath. The impedance of the sheath branch of the equivalent 
circuit, Fig. 96, is therefore simply the sheath resistance since 
the self and mutual reactance cancel out. If the cable sheath 
is grounded at both ends, the overall self-impedance is branch 
a in series with g and x in parallel. If the cable is isolated from 
earth the total self-impedance is branch a and x in series. 

The equivalent impedance of several parallel three-conductor 
cable circuits can be determined by using proper values of 
G.M.R. and G.M.D. of the various conductors. For example. 
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consider three similar three-conductor cables arranged in a 
horizontal plane as shown in Fig. 10. Let 
(G.M.R.)a = G.M.R. of three conductors in one cable 
(G.M.R.)a6c = G.M.R. of conductors in three circuits 



(G.M.D.)a = G.M.D. from three conductors in one cable to 
sheath = ^ 

(G.M.D.)abc = G.M.D. spacing of conductors and sheaths in 
three circuits = \/(G.M.D.)Jd^d?cd^c 

The self and mutual impedance of the equivalent conductor 
replacing the three circuits is 

Z„ - 1= + 1.588/10- + /4.667/10- 

Zas = 1.588/10-= + /4.657/10-= logio ^^ )- 

Z„ - f + 1.588/10- + /4.667/10- 


Since the three circuits have been replaced by an equivalent 
circuit, the equivalent zero-sequence circuit of Fig. 96 applies 
in which 

Impedance of conductor branch = 3(Z„a — Za*) = 

+j4.6571o 

Impedance of sheath branch = 3(2*. + Zox) = 

Ground branch = 3(1.588/10~=+/4.657/10“’ logio (q D 



When it is necessary to find the current distribution for a 
fault on one cable of a group between bussing points or for a 
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fault on one cable after the breaker on the faulted cable at one 
end has opened, all but the faulted cable can be replaced by an 
equivalent conductor. The circuit can be set up and handled 
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Fia. 11.—Geometric factors for single-conductor and three-conductor cables. 


in the same manner as described for multiple overhead circuits 
with ground wires. 

The zero-sequence impedance of single-conductor cables 
can be determined in the same manner as for the multiple three- 
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conductor cables, with approximate values of G.M.R. and 
G.M.D. for the various conductors. 

POSITIVE-, NEGATIVE- AND ZERO-SEQUENCE CAPACITANCE 

The capacitive reactance must in general be included when 
making calculations involving cable circuits because of the 
physically close spacing between conductors and between con¬ 
ductors and sheath. In three-conductor cables the positive- 
and negative-sequence reactance is different from the zero 
sequence, since the latter involves only the capacity between 
the three conductors and sheath. The positive-, negative-, and 
zero-sequence reactance of single-conductor cables are identical. 

Simmons^ has published data for the calculations of cable 
constants based on a semigraphical and analytical determination 
of the shape modulus or geometric factors of single- and multi¬ 
conductor cables. The curves in Fig. 11 are reproduced from 
this work. The values of geometric factors for a particular 

T 1 

cable can be obtained by calculating the ratios —^ - and t/T 

and reading the required geometric factor from the curves 
corresponding to those ratios. The significance of T, t, and d 
is shown on the inserts in Fig. 11. The curves are for round- 
conductor cables. The geometric factor for sector-type three- 
conductor cables is smaller than the factor for a round-conductor 
area. The geometric factor for a sector-type three-conductor 
belted cable can be found by determining the factor for a round- 
conductor cable having the same conductor area and insulation 
thickness and multiplying this factor by the ordinate obtained 
from the sector-correction-factor curve at the bottom of Fig. 11. 

The positive-, negative-, and zero-sequence capacitive react¬ 
ance can be calculated from the following formulas, using the 
proper geometric factors. 

Three-conductor belted cables: 

*1 = *2 = ~j( i 6^81^8^^ ) ^ neutral per mile per phase 

Xo = neutral per mile per phase 

^Simmons, D. M., op. cit.j Elec. Jour.f July, 1932, p. 339. 



236 RELAY SYSTEMS--THEORY AND APPLICATION 


Single-conductor cables: 

ohms to neutral per mile per 
phase 

The value of the specific inductive capacity K depends upon 
the insulation. For impregnated paper a value oi K = 3.6 
is a good average figure to use. The value of K varies for 
impregnated paper from 3 to 4, varnished cambric 4 to 6, and 
rubber 4 to 9. 

In type H shielded cables, the shield and sheath are connected 
together at frequent intervals; therefore, the shields around the 
individual conductors have the same effect as the sheath on a 
single-conductor cable. The capacitive reactance can be cal¬ 
culated exactly as for single-conductor cables in which the shields 
are the sheaths. The positive-, negative-, and zero-sequence 
reactances are the same. 

CALCULATIONS INVOLVING CAPACITIVE REACTANCE 

The constants of circuits and apparatus that have been 
developed are on a line-to-neutral base. The series-impedance 
constants can be set up in the three sequence networks and the 
capacitive reactances can be connected in shunt between the 
series impedances and neutral in the three networks. For short 
lines the shunt capacitive reactance can be placed at the electrical 
mid-point of the line or one-half can be placed at each end. 
If the circuits are long, it may be necessary to resort to an exact 
solution involving distributed constants. Such calculations 
can most readily be accomplished by the use of hyperbolic 
functions or general circuit constants.^ 

INTERMEDIATE FAULTS 

The general method of handling parallel circuits with mutual 
coupling has been indicated. The magnitude and distribution 
of currents and voltages for faults at points between bussing 
stations can be determined by similar procedure. It is frequently 
necessary to make calculations for the condition of a fault on one 
line of a group of parallel lines before and after a breaker as 

' Nbsbit, William, ‘^Electrical Characteristics of Transmission Circuits,” 
Westinghouse Technical Night School Press, East Pittsburgh, Pa. 


3 ?! 3/2 ~ 3/0 
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one end of the faulted circuit opens. If the circuits are closely 
spaced, it is necessary to consider the mutual coupling in the 
zero-sequence network but generally the coupling can be neglected 
in the positive- and negative-sequence networks if the circuits 
are adequately transposed. 


^ - / —. 

r 


_ 1 

m 


B 


(a) 



Fig. 12.—Zero-sequence network for intermcfJiate fault on double circuit; 

breakers closed. 



Fio. 13.—Zero-sequence network for intermediate fault on double circuit; one 

breaker open. 


Consider the case of an intermediate fault on one of the 
two parallel circuits of Fig. 12a. For simplicity the circuits 
are each of unit length. It is evident that the circuit with 
mutual can be replaced by two circuits without mutuals, of 
exactly the same type as given in Fig. 5c. The equivalent 
circuit without mutual (Fig. 125) can be determined by inspection. 
In Fig. 13a is shown the circuit for a fault on one line with the 
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breaker at one end open and in Fig. 13b the equivalent network 
without mutual. The condition for an intermediate fault on 
one circuit of a three-circuit line is shown in Fig. 14a. There is 
mutual coupling between each circuit and the two other circuits. 

(hn)Zaa 



Fio. 14.—Zero-sequence network for intermediate fault on triple circuit; breakers 

closed. 

The circuit consists of two sets of star impedances with mutuals 
between branches and can be replaced by two equivalent stars 
without mutuals. Any number of parallel circuits having 
mutual coupling can be handled in this manner when calculating 
intermediate faults. 







CHAPTER VIII 

VECTORS FOR RELAY SYSTEMS^ 

In applying relays it is not necessary to consider involved 
vector systems. The vector system should be simple and 
free from complication. It is essential to have a clear under¬ 
standing of transformer polarity before r vector system can be 
thoroughly understood and made useful as a means of checking 
relay and system connections. 

A standard practice in regard to transformer polarity is now 
followed by transformer manufacturers so that the confusion 



(«) (b) (c) (d) 

Fig. 1.—Elementary transformer diagram illustrating subtractive polarity. 

which has existed in the past in regard to additive and sub¬ 
tractive polarity has been eliminated. 

These standards are as follows: . 

1. All instrument transformers have subtractive polarity. 

2. All power transformers have subtractive polarity. 

3. All distribution transformers, 7600 volts or below regardless of capacity 
and 200 kva. or below, regardless of voltage, are of additive polarity. Trans¬ 
formers of higher voltage or larger capacity are of subtractive polarity. A 
distribution transformer is a transformer whose rating is 500 kva. or less. 

An elementary diagram of a loaded transformer is shown 
in Fig. la and In this diagram, Ep represents the direction 

^A part of the data has been obtained from published data of the 
Westinghouse Electric and Manufacturing Company. 

* Auchincloss, John, Notes on Transformer Polarity and Connections, 
Oen, Elec, Rev,f November, 1926, p. 783. 
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*1 






of voltage induced in the primary winding opposing the impressed 
primary voltage at this particular instant in the voltage cycle. 
The current flow is from positive terminal to negative terminal 
and is opposed by the induced primary voltage Ep. 

The flux produced by the load component of this primary 
current is equal and opposite to the flux produced by the second¬ 
ary load current, and hence the only flux present in the core is 
that due to the magnetizing component of the primary current. 

The flow of current in the secondary winding will be from 
left to right. The left-hand terminal is therefore positive and 
the right-hand terminal negative. The flow of current through 
the external load is therefore in the same direction as in the 
^ primary winding, and the polarity of 
the primary and secondary is the same 
/ V V V \ though no transformer existed. The 

I polarity of such a transformer is de- 

fined as subtractive. 

To test the polarity of such a trans¬ 
former it is merely necessary to connect 
together two adjacent primary and 
secondary terminals and apply a 
voltage across the primary winding. The voltage measured 
by a voltmeter connected across the other adjacent pri¬ 
mary and secondary terminals will be the difference between 
the primary and secondary voltages. This is shown in 
Fig. Ic. The conventional diagrammatic representation of 
such a transformer is shown in Fig. Id. (Refer to Chap. XV 
for further information on polarity tests of transformers and 
instrument transformers.) 

It is important to note that in a subtractive transformer the 
primary current is in the same direction as the secondary with 
regard to the external circuit but in opposite directions when 
considering the transformer windings. This is likewise true 
in a current transformer as shown in Fig. 2. The primary current 
is assumed to flow from a to h. At this same instant the second¬ 
ary current is flowing from a' to 6', and the current may be 
traced through the instrument from a to a' back through 6' to b 
just as though the transformer were not present. 

Since all instrument transformers and power transformers 
have subtractive polarity, it may be considered that in the great 


Fio. 2.- 

current 
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majority of relay problems subtractive polarity will prevail. 
Hence no detailed analysis will be made of additive polarity 
conditions. 

The vector system here presented is one which has been found 
particularly convenient for relay-application problems. The 
position of the vectors provides a natural arrangement for the 
open vector system as well as the closed vector system. All 



Fig. 5. Fio. 6. 

Figs. 3, 4, 5, 6.—Fundamental vector system. 


vectors are on basis of phase rotation 1, 2, 3. (Refer to Chap. 
XV for detailed analysis of phase rotation.) 

Figure 3 gives the basic closed vector system which will be 
used throughout this discussion. Figure 4 illustrates the open 
vector system. By referring to • Fig. 3, it will be noted that 
vectors -B 2 - 3 , and Ez-i form the closed delta. Voltage 

vector extends from left to right, and £ 2-8 and follow 

in a clockwise direction. Line-to-neutral voltages Ei^oy -^ 2 - 0 , 
and - 03-0 extend from their respective corners of the delta to the 
neutral point zero. This then gives a basic counterclockwise 
vector system. If the delta be rotated in a counterclockwise 
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direction around point 1, it will be seen that voltage lags 
voltage i5i-2. Current Ji is in phase with for 100 per cent 
power-factor conditions. Hence, h lags ^ 1-2 by 30®. The 
same conditions hold for the other phases. If the delta be 
rotated aroimd point 2, B 2-0 and lag JE 2-8 by 30®. Likewise 
rotation around point 3 gives J^a-o and Iz lagging by 30®. 
Similarly, if the whole system of vectors in Fig. 4 be rotated 
around the neutral point, the vectors will all show up in the 
same positions as explained for Fig. 3. This system of vectors 
makes it an easy matter to go from the closed system to the open 
system in case one or the other should prove to be the better 
for a particular problem. 

In order that there should be no question whatever concerning 
Figs. 3 and 4, a fundamental illustration of the three-phase 
circuit is given in Figs. 5 and 6. Figure 5 shows the two leads 
from each phase voltage brought out. On a single-phase basis, 
current I a flows from conductor 1' in phase with voltage £ 1-2 
back through conductor 2. Likewise current Ib flows from 
conductor 2' to 3 and current Ic from conductor 3' to 1. If 
conductors 1 and 1', 2, and 2', and 3 and 3' are, respectively, 
connected together, the three-phase system is formed, as shown 
in Fig. 6. Voltages Ez^z, and Ez-i are shown similar to 
Fig. 3. Current I a is shown in phase with Ei^z, Ib in phase with 
JS? 2-8 and Jc in phase with Ea-i. (—/a,) (—/^) and (—/c) are 
also indicated. These values of /a, Ib^ and Ic are the single¬ 
phase currents illustrated in Fig. 6. These currents combine to 
form the three-phase system. Referring to Fig. 6, the resultant 
current in conductor 1 is composed^of I a and {—Ic)^ In Fig. 6, 
IA and (— Jc) combined vectorially give the resultant 7i. Simi¬ 
larly I 2 and Iz currents are formed. These values of 7i, 72, 
and Iz will be represented through this book as shown in Fig. 3. 

Voltage-transformer Connections.—Before getting into the 
details relating to relay-terminal connections, a series of major 
potential transformer connections and vector diagrams will 
be given. The V primary to V secondary connection in Fig. 7 
produces the same results as the delta-delta connection in Fig. 8. 
The delta-delta connection is, therefore, seldom used. The 
per-cent figures given show the voltage between the points 
indicated in percentage of the voltage between the lines, corrected 
for ratio of transformation. 
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Figures 9, 10, 11, and 12 show connections which are used in 
various relay schemes and the vector diagrams are included for 



Fig. 7. Fig. 8. 



Fig. 9. Fig. 10. 



Fig. 11. Fig. 12. 

Figb. 7, 8, 9, 10 11, 12.—Fundamental potential tranaformer connectioni. 


each connection. These connectioijs will be discussed in more 
detail when particular applications are described. 
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Relay-terminal Connections,—As far as the theory of direc¬ 
tional protection is concerned, it is necessary to consider only 
the four terminals of an overcurrent directional relay as shown 
in Fig. 13. The current coil of the wattmeter element is con- 

_ nected in series with the overcurrent element. 

a b The two lower terminals c and d of Fig. 13 are the 
current-coil terminals. The two upper terminals a 

J_^ and h are the voltage-coil terminals of the wattmeter 

Fig. 13.— element. The potential coil is practically all react- 
Arrangement ance, SO that the actual current in the potential coil 
itself lags the impressed voltage by approximately 
90®. This fulfills the requirement of an induction 
element in order to produce rotation. However, in order to 
simplify the analysis of directional relays, voltage values 
impressed across the potential coil are always used and ref¬ 
erence made to the relation between line current and potential 
transformer voltages. 

The polarity and arrangement of the coils in a directional relay 
are such that, if like instantaneous voltage and current (within 
90° phase relation) are impressed 

on terminals a and c, the watt- 21 . ^ _ _ _ 

meter contact will open. If in- h: g 3 2 i 3 13 ^ 2 i \ 

stantaneous opposite polarities of _ 

current and voltage are impressed JI I- - -— f 

on a and c, the wattmeter contact | 5 :a - Ja ^ 

will close. Arrows used to indi- ^ ^— 1 —XQ-^ 

cate direction of polarity for the J_—L , ~ 

. . 1 /. 1 1 Incoming Ime 

terminals of relays are always ^.. -'breaker 

drawn so as to represent vectors ▼ L——j 

within 90° phase angle of each * 

other. - 

4 . • T • 1 • Fiq* 14.—Relay current connections. 

An mcommg Ime is shown m 

Fig. 14 with the positive direction of power flow toward the bus. 
The interposition of current transformers effects no change 
in the direction of current. Current in line 1 may be assumed 
to flow in the main line to terminal a of the current transformer, 
from there passing through relay 1 and returning to zero, to 
continue toward the bus. 

For directional-relay element?, it is not satisfactory to use 
current 1\ with voltage Ja with £ 2 - 8 , and h with E^i. 


Incoming line 
breaker 


Fig. 14.—Relay current connections. 
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The reason for this is that in each case for 100 per cent power 
factor these currents already lag their respective voltages by 
30®. For lagging power factors, as will exist under short-circuit 
conditions, it is possible to have a power factor which makes 
this angle greater than 90®. In such a case, the true directional 
wattmeter characteristic would be upset and incorrect operation 
result. 

The first attempt to overcome this condition used the connec¬ 
tion shown in Fig. 15a, where the current and voltage impressed 



Fiq. 15.—Three 4- to 16-arap. relays with potential coils Y connected. 


across each relay are in phase. The relay-potential coils are 
connected in star. Current 7i is used with j&i_o, 1 2 with 7 / 2-0 
and Iz with These vector relations are shown in Fig. 156. 

This connection does not give sufficient leeway for lagging 
power factor under short-circuit conditions. Another dis¬ 
advantage of this relay connection is that the voltage is low at the 
time of short circuit, and, if current Ii is used with 7/i_o and I 2 
with .E 2 - 0 , a single-phase fault across phases 1 and 2 will reduce 
voltages 7/i-o and £ 2 - 0 , giving but slight torque to the directional 
element. This is illustrated in Figure 15c. The third relay 
would have its voltage Fa-o of high value, but line 3 will not 
have any short-circuit current with which to operate the relay. 
Referring to Fig. 15a, the connections are such as to fulfill 
the condition of like instantaneous polarity on terminals a 
and c (refer to Fig. 13) so that the directional contacts will be 
open with power fiow into the bus. 
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The most satisfactory method of overcoming these difficulties 
is to connect the potential coil of the relay to a voltage which is 
30® behind the current at 100 per cent power factor. Figure 
16a gives the standard connection. The connections are shown 
for an incoming breaker, with V-V connected potential trans¬ 
formers, and Fig. 166 shows the vector relations. Current Ii 
is used with voltage Fi-s, 1 2 with and J 3 with To 

understand clearly this fundamental basic principle of direc¬ 
tional-relay connections, refer to Fig. 17a, 6 , and c. The normal 
three-phase balanced connections will first be described in detail 



Fig. 16.—Three 4- to 15-amp. relays showing standard thirty-degree connection. 

for an incoming and an outgoing breaker. This will be followed 
by an explanation of unbalanced short-circuit conditions. 

The connections for the relays of breaker A (Fig. 17a) are 
identical with those of Fig. 16a. Figure 17a gives a simplified 
method of representing the relay connections. Currents /i, 72 , 
and Iz flow from left to right (terminals c to d). Voltage vectors 
Ei^zj -E 2 - 1 , and Ez^z are shown with left-to-right (terminals 
a to 6 ) positive polarity. It has been already stated that like 
instantaneous polarities of two vectors impressed on terminals 
a and c will open the directional contacts. 

The vectors for relays of breaker B show currents 7i, 72 , and 
Iz reversed. The normal flow is away from the bus in this case. 
An easy way to establish a definite vector system is to represent 
currents 7i, 72 , and Iz pointing into the delta for power flow 
into a bus and have 7i, 1 2 , and Iz pointing out from the delta 
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for power flow away from the bus. This change in the direction 
of flow of current within the relays is effected by reversing the 
current-transformer connections as shown in Fig. 17 for the 
relays of breaker B, The actual direction of power is the same 
at breakers A and B as far as the main lines are concerned, but 
a change in reversal of current-transformer connections gives 
a method of representing power flow into and away from a bus. 




Fia. 17.—standard thirty-degree connection for incoming and outgoing power. 


Summarizing the above and referring to Fig. 17a, &, and c, 
left-to-right polarity of relays at breaker A shows the current 
and potential 30® out of phase (Fig. 17h) and hence the directional 
contacts are open. Left-to-right polarity of relays at breaker B 
show current and potential 150® out of phase (Fig. 17c), hence 
the directional contacts are closed. 

Figures 17d, e, /, and g represent the vector relations for both 
sets of relays of Fig. 17a when a single-phase short circuit occurs 
between phases 1 and 2 to the right of breaker B as indicated. 
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Figure 17d and e covers the relays at breaker 5. In Fig. ITd, 
1 1 shifts counterclockwise from its position in Fig. 17c to a hori¬ 
zontal position. This is on the assumption of a 100 per cent 
power-factor fault. Current I 2 of Fig. 17c shifts to a new 
horizontal position as shown in Fig. 17d. Voltage Ei^z and 
current h still have an angle between them greater than 90°. 
Hence, relay 1 is still in the tripping direction, although the 
torque is small, due to a practically 90° phase relation. Current 
/2 is in direct phase opposition with hence relay 2 trips 
positively. 

However, the fault is not likely to be one of 100 per cent 
power factor. Taking the other extreme. Fig. 17e represents 
a 90° lag or zero per cent power-factor condition. Currents Ii 
and 1 2 have a 90° relation with Ei^ 2 > Eis and h are now almost 
directly in phase opposition, and relay 1 will close with positive 
torque. Current I 2 and E 1-2 have theoretically a 90° phase 
relation, and no torque will result. However, zero degree power 
factor is an extreme condition which will not be met in practice. 
As the power factor increases, 1 2 shifts to an out-of-phase position 
with Ei ^2 and closing torque will result. 

The conditions for relays at breaker A (Fig. 17/) show currents 
1 1 and 1 2 reversed in position from that shown in Fig. 17d. 
This is as it should be, for the direction of current is opposite 
in the two sets of relays. Currents 1 2 and voltage JB 2-1 are in 
phase, which gives positive opening. This covers the 100 per 
cent power-factor condition. For the zero power-factor condi¬ 
tion, refer to Fig. 17flr. In this case, Ii and E\^z are nearly in 
phase with a resultant positive opening. I 2 and Ei ^2 are 90° 
out of phase, but any slight increase in power factor brings 
them into an in-phase position. Therefore, a fault to the 
right of breaker B will open breaker B and leave A closed. The 
reverse condition will obtain for a fault to the left of breaker A, 
namely, A will trip and B stay closed. 

In addition to the connection shown in Fig. 16a, there are two 
major connections which are commonly used. The first of these 
is shown in Fig. 18a. The main step-up power bank of trans¬ 
formers is connected delta on the low side and star on the high 
side. The potential transformers are connected V-V to the 
delta bus. The breaker to be cbntrolled and hence the current 
transformers are on the high-tension or star side of the trans¬ 
former bank. Since the main bank of power transformers is 
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connected delta-star, the line-to-line voltage on the delta side 
is in phase with the line current on the star side. Figure 186 
gives the vector diagram. The same respective currents and 
voltages are used on the relays in Fig. 18a as in Fig. 16a, but in 
Fig. 18a the phase angle is 60®, while it is only 30° in Fig. 16a. 

With the system connections shown in Fig. 18a, it is possible 
to get a 30° relation of voltage and current on the relays in two 
ways; first, by connecting 70-volt relays in star in conjunction 
with two potential transformers connected V-V, and, second, by 
using three potential transformers connected star-star with 



Fig. 18.—Sixty-degree connection for three 4- to 15-amp. relays with current 
transformers on Y side and potential transformers on delta side of transformer 


bank. 


125-volt relays connected in star. The star connection of 
directional-relay potential coils should be avoided wherever 
possible for the reasons illustrated by Fig. 15c. 

A second system connection sometimes encountered is that 
where the transformer bank is connected delta-star and where 
potential is obtained from the star side and current from the 
delta side. Figure 19a is a wiring diagram of this connection. 
The delta power-transformer primary side vectors are covered 
by Fig. 196. The power-transformer secondary vectors are 
shown in Fig. 19c. The secondary is shifted 30° from the 
primary. The primaries of two potential transformers are 
connected across phase E^-i as shown in Fig. 19a, so that 
and Eq^i are added vectorially. This is further illustrated 
in Fig. 19d. On the secondary side of the potential-trans- 
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former winding, Ei^ is reversed, so that J^s-o and J5a-i have the 
vector arrangement shown in Fig. 19c. This gives a normal 
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balanced delta, and connectipns are made to the directional 
relays to give the standard 30^ relation. 
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The 90® Connection.—The 30® connection is used as the 
standard connection for directional relays and works out very 
satisfactorily. There is, however, a connection available which 
in some few cases may prove to have certain advantages. This 
connection is referred to as the 90® connection, but it should not 
be construed to mean that there is an actual 90® phase relatiop 



(c) (d) 

Fig. 20.—Ninety-degree connection for three 4- to 15-amp. relays. 

between voltage and current in the relay. A diagram of this 
connection is shown in Fig. 20(x. In series with each potential 
coil is a resistor which, for the 60-cycle relay, is approximately 
600 ohms. When connected in series with the potential coil, 
this gives a value of resistance to the circuit equal to the reactance 
of the potential coil. Hence, if an external connection is made 
across the resistor and coil so that it lags a current by 90 , 
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then the voltage across the relay coil lags the current by approxi¬ 
mately 46®. This is illustrated in Fig. 206, where J? 2-8 lags h 
by 90®. ^ 2-8 is impressed across the potential coil plus the 
resistor. The drop across the potential coil is J? 2 ~ 3 ' and across 
the resistor it is These two voltages add vectorially to 

give ^ 2 - 8 . The potential across the relay lags li by 

approximately 45®. 

Consider next the case of a single-phase fault on phases 1 
and 2 as given in Fig. 20c. Fault currents 1\ and 1 2 are in 
phase with Ei^z for a 100 per cent power-factor fault. Current Ii 
and Ez '^2 still retain an out-of-phase relation greater than 90®, 
so relay 1 will operate. I 2 and Ey^z are also more than 90® 
out of phase. For a zero per cent power-factor fault, the vector 
condition is analyzed in Fig. 20d. Both currents Ii and 1 2 
retain a phase angle with their respective voltages considerably 
greater than 90®. 

Each connection has certain advantages depending on the 
power factor of the fault encountered. This power factor refers 
to the power factor at the particular set of relays being con¬ 
sidered. The power factor will vary depending upon the 
location of the fault and type of fault. At the two extreme 
ends of the power-factor range, namely, 100 per cent and zero 
per cent, weak torque is produced on one of the two relays 
involved in a line-to-line fault when the 30® connection is used. 
However, the 90® power factor is a theoretical condition only 
and will in the great percentage of cases be somewhere between 
15 and 60® lagging. The 30® connection has been found to give 
excellent results. 

In special applications the polyphase directional relay can be 
used to advantage. This relay is similar in operation to three 
wattmeter elements mounted on a common shaft. In other 
words, three single-phase directional elements are combined in 
one case and operate on a common shaft. The overcurrent 
directional feature is obtained by using one polyphase relay in 
conjunction with three overcurrent relays. It is designed for 
the 90® connection, with the resistors mounted inside the relay 
case. The 45® connection tends to equalize the torque on the 
elements involved in a short ciituit and hence gives more positive 
operation on a three-element relay working on a common 
sWt. 



Normal d/recHon of 
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The polyphase-relay relations are the same as shown for the 
90° connection of three single-phase relays, with the exception 
that the torque, instead of being applied to three separate relays, 
is applied to one common shaft relay. 

Special Vector Conditions Involved in Impedance-relay 
Applications. —While discussing the vector analysis of line-type 
directional relaying, it will be well to consider the impedance- 
type relay. 

The impedance relay is of the induction-disk type, similar 
to the ordinary overcurrent-type relay but with the addition of 



Fig. 21. —Standard thirty-degree connection for induction impedance relays. 
Impedance-coil voltage lags directional coil voltage by 120 degrees. 


a voltage-restraining coil which is connected mechanically to 
the disk and to the contact mechanism. Instead of operating 
the contacts directly, the movement of the disk winds up a 
spring, one end of which is fastened to a shaft that is geared to the 
disk shaft. The other end of the spring is connected by means 
of a lever to a rocker arm pivoted at its center and mounted 
directly above the disk. This rocker arm carries the contact 
on one end, and the core of the restraining coil is suspended 
from the other end. The pull of the voltage coil, which opposes 
the closing of the contacts, is directly proportional to the voltage. 
The time of operation, since it is directly proportional to the 
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voltage and inversely proportional to the current, is proportional 
to the impedance or the distance from the fault. 

The current and potential connections for three line impedance 
relays are shown in Fig. 21a. In additional to studs a, 6, c, 
and d, as in the overcurrent directional relay, there are two 
additional studs e and/. These are the terminals for the imped¬ 
ance-voltage coil. The vector relations and connections for the 
directional-element potential coil and relay-current coil are 
identical with those already fully discussed for the overcurrent 
directional relay. If the impedance-voltage coil were connected 
in parallel with the directional potential coil (i.e., the same 




Fig. 22. 


Fig. 23. 


Figs. 22 and 23.—Fundamental vector system for reversed phase rotation. 


voltage used on impedance coil as on directional voltage coil), 
it can be seen by referring to Fig. 21c that, while both relays 
receive the same fault current, the phase 2 relay would operate, 
since it is the one with the low restraining voltage. At the 
same time, the directional voltage of this relay would be equally 
low. If, however, the connection shown in Fig. 216 is used, 
connecting Ei^z to the directional potential coil and voltage 
to the impedance-voltage coil of phase 1 relay, the conditions 
are changed. When a fault occurs between lines 1 and 2, the 
phase 1 relay, since it has low restraining voltage E%^i on its 
impedance-voltage coil, will operate. Instead, however, of 
having the same lowered voltage on its directional potential 
coil, the directional voltage Ex^t will be nearly normal. 
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Reversed Phase Rotation. —^The bstsis for the vector relations 
illustrated in Figs. 6 to 21 is the standard counterclockwise 
phase rotation 1, 2, 3. If the phase rotation is opposite, or 
1, 3, 2, it is necessary to reconstruct the vector analysis and use 
terminal-relay connections to correspond. 

Figure 22 illustrates the open vector system for 1, 3, 2, counter¬ 
clockwise rotation and in Fig. 23 is shown the closed delta system 
of vectors. 



Fig. 24.—Thirty-degree connection with reversed phase rotation. 


The 30° relay connection for overcurrent directional relays 
is shown in Fig. 24 on the basis of phase rotation 1,3, 2. Current 
h and voltage Ei-z are connected to relay 1, current 12 and 
voltage E 2 -S to relay 2, and current 13 and voltage E^-i to 
relay 3. 

The relay connections for Figs. 5 to 21 can all be reconstructed 
on the basis of 1, 3, 2 phase rotation. However, since phase 
rotation 1, 2, 3 is standard for manufacturers' wiring diagrams, 
only one example is given for reversed phase rotation. 





CHAPTER IX 


APPLICATION OF INSTRUMENT TRANSFORMERS TO 
RELAY SYSTEMSi*2 

The failure of a relay system to give complete protection or 
the possibility of faulty operation under certain conditions of 
short circuit is in many instances due to the incorrect application 
of instrument transformers. Current transformers and potential 
transformers must be considered as a part of the relay system, 
and as careful thought and analysis should be given the char¬ 
acteristics of the instrument transformers as is given to the 
relays. 

The requirements imposed upon current transformers to 
give correct operation as part of a relay protective scheme are 
entirely different from the characteristics necessary for accurate 
metering. Current transformers are in most cases designed with 
the meter problem primarily in view, and this factor makes it 
all the more difficult to apply them so as to give satisfactory 
relay protection under the many varied fault conditions for which 
a protective system must function quickly and accurately. 
It might be assumed that a special set of current transformers 
should be used for those relay schemes which require current- 
transformer characteristics different from the standard line 
available, but here again the question of economics, available 
space, and wiring duplication or complication must be considered. 
In many cases meters and relays are initiated from the same 
set of transformers, and perfectly satisfactory operation will 
result. In other instances separate sets of current transformers 
are used, but these are often of the bushing type in order to 
save initial cost and space. Too much emphasis cannot be 
given to this important part of a relay system. 

^ Many of the data in this chapter have been obtained from published 
data of the Westinghouse Electric and Manufacturing Company. 

* N.E.L.A. Handbook and Supplement. 
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GENERAL CURRENT-TRANSFORMER THEORY 

In an ideal current transformer the primary ampere turns 
are always exactly equal to the secondary ampere turns, and the 
secondary current is, therefore, always directly proportional to 
the primary current. In an actual current transformer, however, 
this is never the case. Every core material thus far discovered 
requires a certain number of ampere turns to induce in it the 
magnetic flux which, in turn, causes the secondary voltage. 
The secondary ampere turns, therefore, are equal to the primary 
ampere turns minus the exciting ampere turns. This subtraction 
is, of course, vectorial, as is illustrated in Fig. 1. Ep and 
are the voltages in the primary and secondary windings, respec- 



Fig. 1.—Current- Fig. 2 .—Ratio and phase-angle 

transformer vector curves of current transformer, 
relations. 


tively. In order to maintain the flux <f>, the primary circuit must 
supply a current h, in phase with the voltage, to overcome the 
iron loss; and a current Im, at the right angles to the voltage, 
to magnetize the core. These two currents combine to form the 
exciting current /«. If a burden connected to the secondary 
draws a current Is lagging behind the voltage as shown, a 
corresponding current, must flow in the primary. The total 
primary line current, therefore, is the sum of Is and /' or 7p. 
Figure 1 applies to a transformer which has an equal number of 
primary and secondary turns. 

If the primary current is reduced, the secondary current will 
also be reduced, and, since the secondary impedance is fixed, 
the secondary voltage and the flux in the core will be reduced 
in the same proportion. But, on account of the shape of the 
magnetization curve of iron, the exciting current Is goes down 
in a different ratio. The result is that the ratio and phase-angle 
curves of current transformers generally are not straight lines 
but tend to tip upward at the left end, as shown in Fig. 2. That 
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is, with a given impedance in the secondary circuit, the exciting 
ampere turns form a larger proportion of the total at small 
primary currents than at large, and it is the exciting current 
which causes the errors. 

In the metering problem all the errors of a current transformer 
are caused by the exciting current since the ratio is chosen 
so that the maximum normal current in a particular circuit is 
within the capacity of the transformer and hence no saturation 
takes place. In fact, the ratio of current transformers should be 
selected so that normal full load imposes about 65 per cent rating. 
However, in the relay problem heavy overloads must be con¬ 
sidered and the resultant saturation obviously causes a large 
ratio error. Before getting farther into the relay problem, 
however, let us continue with the general methods of improving 
the characteristics of the current transformer. 

The most accurate current transformer is one in which the 
exciting ampere turns are least in proportion to the secondary 
ampere turns. Exciting ampere turns may be reduced in three 
principal ways: 

1. By improving the quality of the magnetic material. 

2. By decreasing the amount of core material (this naturally produces 
more saturation and ratio error at heavy overloads). 

3. By reducing the magnetic-flux density in the core. 

Much has been accomplished in the last few years in the way 
of improved materials. Silicon steel is obtainable with losses 
which would have been thought impossible a few years ago, and 
several high-permeability alloys have been developed with losses 
far below those of the best silicon steel. Some of these alloys can 
be used in current transformers to advantage, although their high 
cost bars them, at present, from use in other transformers. 

The second and third methods of reducing the exciting ampere 
turns are closely connected. If the amount of the core material 
can be decreased by decreasing the mean turn of the core, the 
gain is considerable; but, if the core material is reduced by cutting 
down the cross section, it tends to increase the flux density and 
thus more or less neutralizes the good effect. 

The flux density is determined by the usual transformer 
formula 


EXh 

fXAXN 
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where B = flux density in the iron. 

E *= voltage induced in N turns. 
k ^ 2 b constant. 

/ = frequency. 

A = area of the core. 

N = number of turns. 

The flux density, accordingly, can be reduced by reducing E, 
the secondary voltage, or by increasing/. A, or N. The quantity 
E depends on the burden connected to the secondary of the 
transformer, and/is fixed by the circuit in which the transformer 
is used. The designer, therefore, has control of only the area 
of the core and of the number of turns. The area cannot be 
made too large without using a large amount of core material, 
so most high-accuracy current transformers are designed with a 
large number of ampere turns. 

After the transformer is designed, built, and installed, however, 
the flux density still is not fixed. The secondary voltage, within 
the capacity of the transformer, will be whatever is necessary 
to circulate the secondary current through the i.:ipedance of 
the secondary circuit; and, even after the impedance of the 
secondary circuit is fixed, the secondary current, and con¬ 
sequently the voltage, varies with the primary current. 

From all this it may be seen that the best conditions for 
high accuracy in a current transformer are: (1) high-grade core 
material of suitable shape and cross section, (2) a large number of 
ampere turns, and (3) a small burden. It is diflScult to write a 
specification which takes proper account of all these factors. 

CURRENT-TRANSFORMER CHARACTERISTICS 

Since a current transformer is in series with the line, it is 
obvious that on heavy overcurrents its core may become satu¬ 
rated. Under the conditions approaching saturation, the ratio 
of the transformer will naturally depart from its nominal ratio 
and the secondary current will no longer be a fixed percentage 
of the primary current. The change in ratio on overcurrents for 
four types of transformers having similar burdens connected to 
their secondaries is illustrated in Fig. 3. These curves are 
typical of transformers on the market today, and an under¬ 
standing of their significance is important. 
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The application of current transformers to a relay system 
involving a single set of overcurrent relays on a radial feeder 
need not be given any special study in most instances. In 
such cases relays are set for 200 or 300 per cent normal load, and 
satisfactory operation will result provided this amount of current 
is developed, so that saturation beyond the 300 per cent point 
does not upset the relay operation, even though the ratio may 
increase rapidly at higher overcurrent values. 

In cases where several sections are relayed in series by pro¬ 
gressive time and current settings, it is important to know the 
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Flo. 3.—Typical current-transformer ratio curves with non-saturating burden of 
25 volt-amp., 50 per cent power factor, 60 cycles, 5 amp. 


characteristics of all the transformers at high overcurrent 
values, so that saturation at different points and in varying degree 
in the current transformers does not upset the selective action 
of the several sections. To take care of this it is desirable to 
use the same general type of current transformer at the switching 
points which are to be relayed selectively. 

Many relay systems are based on the differential-current 
principle. A typical example is that of the standard differential 
protection shown in Fig. 4. The connections are made so that 
the secondary current circulates between the two sets of current 
transformers which, under ideally balanced conditions, should 
produce zero current threrugh the relay. For such a protective 
system, the relay should trip only on faults occurring within the 
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apparatus so protected, and must be immune from ‘through 
fault operation. 

Referring to Fig. 4, assume that current transformer 1 has a 
ratio characteristic represented by curve 1 and that current 
transformer 2 has a ratio characteristic represented by curve 3 
in Fig. 3. Further, assume that an ordinary overcurrent relay 
is used, and set to trip at a current differential of 8 amp. Should 
a short circuit occur on the low-voltage side of the power trans¬ 
former and external to it, the short-circuit current in both 
windings would be the same multiple of normal. If it is assumed 
that this is 15 times normal, reference ''o Fig. 3 will indicate 
that transformer 1 produces 75 amp. secondary current and 
transformer 2 produces 64 amp. with a difference current through 
the relay of 11 amp., which is above the pick-up point of the 
relay. 

It is not always possible to 
have both sets of current trans¬ 
formers in a differential-current 
scheme of like ratio character¬ 
istics. This was recognized 
several years ago and a special 
differential-current relay was de¬ 
veloped which operates on a dif¬ 
ferential percentage basis rather 
than on a fixed ampere basis, but even such a relay will operate 
incorrectly in case transformers have such varied characteristics 
as shown by curves 1 and 4. A study of the current-transformer 
curves must be made for each relay system if proper assurance 
of correct relaying is to result. 

GENERAL TYPES OF CURRENT TRANSFORMERS 

Current transformers as associated with relay systems are. of 
three principal types: the wound type, the through type, and the 
bushing type. Transformers having more than one primary 
turn are called wound-type current transformers. Sufficient 
turns are used in the wound type to keep the exciting current 
relatively small to obtain high accuracy. 

Current transformers, generally for 1000 amp. and higher, 
which are made with a cable or straight copper bar, forming a 
single-turn primary winding, are known as through-type trans- 



Fio. 4.—A differential-protection 
scheme using a standard overload 
relay. Arrows show instantaneous 
direction of currents. 
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formers. They are particularly adapted to heavy-overcurrent 
conditions because the tendency for the primary winding to 
assume a circular shape at heavy overcurrent does not exist. 
The accuracy of a current transformer with a given secondary 
burden depends upon the number of ampere turns in the trans¬ 
former. Since the through-type transformer has no primary 
winding but rather makes use of the current carried by the cable 
or bus to energize the core, it is necessary to have a relatively 
large primary current to make up the required ampere turns. 

The bushing-type transformer consists of an annular core and 
secondary winding placed on the outside of the bushing of a 
high-tension oil circuit breaker. Bushing current transformers 
necessarily have a very long magnetic path, as compared with 
the ordinary current transformer, because of the diameter of the 
bushing. The long magnetic path together with only the one 
turn in the primary requires a high magnetizing current, and 
accordingly the transformers are rather inaccurate for the lower 
ratios. A bushing-type current transformer of ratio 150/5 amp. 
will give good results under ordinary conditions of relay loading. 
As the ratio increases, the errors decrease, and, when a ratio of 
300/5 is reached, the bushing transformer gives practically as 
good results for relay purposes as that of the wound type. Ratios 
of less than 150/5 amp. are not recommended for the various 
balanced relay schemes, and even at this value it might be 
preferable to connect the secondaries of two transformers iii 
series. Ratios of 200/5 amp. usually give satisfactory results 
with a single transformer, if the burden is kept to a minimum. 

The Wound-type Current Transformer.—There are several 
classifications of wound-type current transformers, the proper 
selection depending upon the burden to which the current trans¬ 
former is to be subjected. A relatively cheap transformer is 
available for voltages of 5000 volts and under, having a rating of 
25 volt-amp. and being compensated for a burden of 2.5 volt- 
amp. Under normal operating conditions the best accuracy is 
obtained when operating with a burden at or near the compen¬ 
sated value. In the relay problem this is not important because 
it is the short-circuit characteristics which determine the applica¬ 
tion. Obviously, where the same transformers are used for 
metering and relaying, it is important to keep both factors in 
mind. 



APPLICATION OF INSTRUMENT TRANSFORMERS 263 

The relatively cheap, wound-type current transformer is 
necessarily smaller, having less iron and hence saturating at 
lower values of short-circuit current for a given burden. The 
volt-ampere rating is correspondingly reduced and the applica¬ 
tion limited. Typical ratio curves are shown in Fig. 5. This 
transformer is designed primarily for a watthour-meter burden. 



Fig. 5.—Ratio curves of typical 25 volt-amp., 6000-volt current transformer 
designed for watthour-meter load only. 


Figure 6 gives ratio curves for a larger and more expensive 
current transformer designed for burden including relays as well 
as meters. In Fig. 7, are shown typical curves on 7500 and 
15,000 volt, 50-volt-ampere current transformers. 

In Fig. 8 are shown typical ratio curves for high-voltage oil- 
filled wound-type current transformers. 

The Through-type Current Transformer.—Since the per¬ 
formance of a current transformer is dependent, to a considerable 
extent, on the number of primary ampere turns, it is possible to 
make higher current ratings in a through type with an opening 
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Fig. 6.—Typical ratio curves of 6000-volt current transformer designed for 
meter and relay burden. 



Fig. 7.—Typical ratio curves of 7600 to 16,000-volt current transformer designed 
for meter and relay burden. 
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through which a cable or bus bar can be inserted as a primary 
winding. This general type of transformer is also designed with 



Fio. 8.—Typical ratio curves of high voltage oil filled current transformer. 



Fiq. 9.—Typical ratio curves of 2500- to 15,000-volt through-type current 

transformer. 

primary mounting and provided with suitable terminals for con¬ 
necting the cable or bus. Indoor and outdoor units are available. 
Typical ratio curves are given in Fig. 9. 
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1200-AMP. Multi-ratio Table 


Approximate 

ratio* 

Turn ratio 

Secondary 

taps 

Approximate 

ratio* 

Turn ratio 

Secondary 

taps 

t 

5 to 1 

A—B 

100 to 5 

20 to 1 

B—C 

75 to 5 

16 to 1 

B—(7 

200 to 6 

40 to 1 

A—B 

100 to 5 

20 to 1 

A—C 

300 to 6 

60 to 1 

A—C 

126 to 5 

26 to 1 

C—D 

400 to 6 

80 to 1 

D—E 

175 to 5 

35 to 1 

I>—E 

600 to 6 

100 to 1 

C—D 


40 to 1 

B—D 

600 to 5 

120 to 1 

B—D 

225 to 5 

46 to 1 

A^D 

800 to 5 

160 to 1 

A—D 


60 to 1 

C—E 

goo to 5 

180 to 1 

C—E 

376 to 5 . 

76 to 1 

B—E 

1000 to 6 

200 to 1 

B—E 

400 to 5 

80 to 1 

A—E 

1200 to 6 

240 to 1 

A—E 


2000-amp. Multi-ratio Table 


Approximate 

ratio* 

Turn ratio 

Secondary 

taps 

800 to 6 

160 to 1 

B—C 

1200 to 6 

24C to 1 


1400 to 6 

280 to 1 

B—D 

1600 to 5 

320 to 1 

b—e 

1800 to 6 

360 to 1 

A—D 

2000 to 5 

40Q to 1 

A—E 


* Not compensated for secondary loading. See ratio curves for various loadings, 
t Requires special calibration. 

Fio. 10.—Connection diagrams for businng-type current transformers for use in 
oil circuit breakers. 



















Fig. 11. —Composite curves of bushing-type current tra^nsformers showing ratio 
characteristics at 60 cycles. 



* From tap on 400/5 multi-ratio unit, t From tap on 1200/5 multi-ratio unit. 


Fig. 12. —Characteristics of tjrpical 73-kv. bushing-tsrpe current transformer. 
Refer to composite curves of Fig. 11. 
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The Bushing-type Current Transformer. —In Fig. 10 is shown 
a typical arrangement of connections for bushing-type current 
transformers. This indicates the use of a single transformer per 
pole of a circuit breaker, two current transformers per pole, 
connected to separate burdens, and two current transformers in 
series. 

A typical set of composite curves for bushing-type current 
transformers is given in Fig. 11. Reference to Fig. 12 will give 



Primary Amperes 

Fio. 13.—Typical ratio curves for 75/6 bushing-type current transformer. 

ratio characteristics of a typical 73-kv. bushing-type current 
transformer. 

SERIES OR PARALLEL CONNECTION OF SECONDARIES 

A typical set of characteristic curves for a 75/5-turn-ratio 
transformer is given in Fig. 13. This low ratio is not recom¬ 
mended for burdens involving rdays, but these curves are given 
in order to illustrate how the ratios of a single transformer and 
two in parallel break down at the higher values of burden. The 
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poor performance of the parallel secondary connection can be 
explained as follows. 

With two current transformers connected in series, as shown in 
Fig. 14, supplying a 10-volt-amp. load at 6 amp., each trans¬ 
former supplies 6 volt-amp. With the transformers connected 
in parallel, as in Fig. 15, supplying 10 amp. to the same load 
impedance, the burden increases to 40 volt-amp. Each current 
transformer is called upon to supply 20 volt-amp., which is four 



Fig. 14. Fig. 15. 

Figs. 14 and 15.—Series and parallel connections of current transformers. 

times greater than each transformer must supply when con¬ 
nected in series. This greatly increased burden destroys the 
ratio completely on low-ratio bushing-type current transformers. 

APPLICATION OF CURRENT TRANSFORMERS TO TOTALIZING 
AND DIFFERENTIAL SCHEMES 

Circulating current in the secondaries of current transformers 
with dead primaries when used in totalizing or differentially 
connected schemes may under certain conditions give incorrect 
relay operation. 



Fig. 16.—Connections for differential-current protection applied to a bus. 


In the differential scheme for apparatus protection, the current 
flowing into a bus or piece of equipment is balanced against the 
current flowing out, as shown in Fig. 16. For normal conditions 
the currents are the same, and since the current transformers are 
connected in series, the current merely circulates through the 
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secondaries. No current will then flow through the relays. 
When a fault occurs inside the differential loop, the currents in 
the secondaries of the current transformers oppose each other 
and the current must pass through the relay in order to complete 
the circuit of the current flow. 

Little difficulty is encountered in obtaining proper relay opera¬ 
tions for faults within the differential loop. However, the char¬ 
acteristics of the current transformers must be such that with a 



0 0.2 U 0.6 0.8 1.0 i2 14 16 1.8 2.0 2.4 U 23 
Secondary Difference Currenf-Amperes 


Pio. 17.—Teat curves showing difference current when bushing-type current 
transformer is balanced against wound type. 

fault near the station, but not within the differential loop, the 
unbalance will not be great enough to operate the differential 
relays. Trouble of this nature is frequently encountered where 
wound- and bushing-type transformers are balanced against each 
other or where current-balance autotransformers are used to 
correct for differences in the ratio of the current transformers 
used in the differential scheme. 

In Fig. 17, test 1 shows the results of balancing a 100/5-ratio 
wound-type against a 100/6-ratip bushing-type current trans¬ 
former representing through-fa^t conditions. For the range 
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of currents shown the ratios hold pretty well. With higher 
values of current, the ratio of the bushing transformer will break 
down, thus operating the relay. In test 2, Fig. 17, a 200/5-ratio 
bushing transformer is balanced against a 100/6-ratio wound-type 
transformer and the ratio difference corrected with a 2/1 auto¬ 
balance transformer. The right-hand curve shows the difference 
current with the relay connected across terminals 1 to 2 of the 
autobalance transformer and the left-hand curve with the relay 
connected across terminals 1 to 3. The unbalance is greater for 



0 0.2 0.4 0j6 OB 1.0121.41.613 2.0 
3econdoiry Difference Current-Amperes 

Fig. 18.—^Test curves showing difference current when balancing bushing-type 
current transformers. 

the former. The wound-type current transformer is compen¬ 
sated for zero-ratio error at 60 per cent primary current with a 
30-volt-amp. burden. The bushing type is uncompensated. 
The effect of the burden is indicated by the difference in the 
two curves. 

In Fig. 18 are shown curves similar to those in Fig. 17 except 
that in this test a 100/5-ratio bushing-type current transformer 
was substituted for the wound type. For this case the unbalance 
is least with the relay connected across terminals 1 to 2 of the 
autobalance transformers. 

In selecting current transformers of different voltage and 
current ratings for use in differential schemes, it is always advis¬ 
able to obtain those having similar characteristics and the proper 
ratios. Autobalance transformers should not be used except 
in cases where there is no alternative. The application should 
be determined on the basis of short-circuit currents. The opera- 
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tion of the scheme for the maximum through-fault condition 
should be checked, using the characteristic curves of the current 
transformers for the burden with which they will be operated. 
The differential relays must be set higher than the maximum 
unbalance current that exists for the worst through-fault 
condition. 

Another factor that should be given consideration is the 
magnetizing current taken by the secondary when the primary 
is open. This condition exists when differential protection is 
applied to a group of circuit breakers and the operation of the 
station is such that one or more of the breakers may be open. 

The magnetizing current for 
the secondaries of the current 
transformers on the open 
breakers must be supplied by 
the other transformers. An 
ideal condition to exemplify 
this is shown in Fig. 19. The 
current transformers are all 
the same type and ratio. The 
set-up is representative of the 
condition when two breakers 
are open, the current flowing 
0 0.10 0:20 030 0.40 050 0.60 in on one circuit and out on 
SecondcJiry Current-Amperes three. It will be noted that a 



Fig. 19.—Test curves showing effect 
of open primaries in current transformer 
circuits. 


through fault of 3000 amp. 
produces a differential current 
of less than 0.2 amp. 


CURRENT-TRANSFORMER BURDEN^ 


In order to determine whether a combination of meters and 
relays and other devices connected in the secondary circuit of 
one or more current transformers is permissible, tables of volt- 
ampere burdens of all the equipment involved should be carefully 
checked. The volt-ampere or impedance values for relays or 
trip coils should always be based upon the minimum tripping 
point possible with the device, irrespective of the actual tripping 
point at which the relay is to be set in an individual installation. 
This is necessary for the reason that, after apparatus has been 
^ From published data of the Greneral Electric Company. 
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installed, the setting may be changed by the operator to the lower 
tripping values. 

For the purpose of comparison, volt-ampere data are given on 
the basis of 5 amp. The volt-ampere burden of any other 
current /2 at which the relays operate may be obtained with 
sufficient accuracy from the formula 

( 1^)2 

VA (volt-amperes) at h = X {VA at 5 amp.) 

The burden imposed by each individual device in each circuit 
of the combination should bo ascertained in terms of either 


Current Transformer 



''’•Secondary Burdens 


Fig. 20.—Fundamental cur- 
rent-transformer circuit. 



Fig. 21.—Y-connected current trans¬ 
formers. 


impedance or volt-amperes, and these all added arithmetically. 
To the burden of each circuit, thus obtained, must be added the 
burden imposed by the conducting leads, this being equal to 
25 times the resistance {PR). 


Figures 20, 21, and 22 cover the 
normal cases of current-transformer 
connections. In Fig. 20, a single¬ 
phase connection is illustrated. 
The total burden on the current- 
transformer secondary (Fig. 20) 
equals the arithmetical sum of the 
impedance or volt-amperes of all 
devices connected in series, plus 
the burden of the connecting leads. 



Fig. 22.—Two current trans¬ 
formers on three-phase circuit. 


In a three-phase, three-wire, or a three-phase, four-wire 


connection (Fig. 21), the circuit should be treated as three single¬ 


phase combinations with a common return through a fourth 


conductor. Each transformer carries its own burden only. 
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The fourth metallic conductor is required to give magnetic 
balance for the secondary leads, and with it each transformer 
circuit is made independent. The fourth wire is connected 
between the star point of the current transformers and the star 
point of the secondary connected burden. This is done in order 
to provide a low-reactive path for single-phase current arising 
from ground faults, such as two simultaneous grounds on different 
lines of an ungrounded system, or one ground on a grounded 
system. Without this connection, the only other path is across 
the high reactance of the remaining unaffected secondaries. 
Accordingly the burdens on the transformers connected as in 
Fig. 21 , are as follows: 

Burden on Xi = Yi 
Burden on X 2 = Y 2 
Burden on X 3 = 7$ 



For Fig. 22, the burden calculations can be obtained by the 
following: 

a. If the ratio of Z/Yi is greater than 3 . 2 , then = Fi + Z; 
if the ratio of Z/Yz is greater than 3.2, then Z 3 = 73 + Z. 

b. If the ratio of Z/Yi is less 
than 3.2 but greater than 0.4, then 
Xi = 7i + 0.75^; if the ratio of 
ZfYz less than 3.2 but greater 
than 0.4, then X 3 = Fs + 0.75Z. 

c. If the ratio of Z/Yi is less 
than 0.4, then Xi = 7i + 0,5Z; if 
the ratio of Z/Yz is less than 0.4, 
then Xz — 78 + O.bZ. 

Accurate Calculation of Burdens.—^The true total volt-amperes 
required for a burden is the vector sum of the various impedances 
multiplied by the square of the secondary current (PZ), This 
vector sum is the square root of the sum of the squares of the 
total resistance and reactance of the secondary burden. The 
total reactance is the product of the inductance of the burden in 
henrys and 2 ir/, where / is the frequency. 

The result so obtained is usually less than that obtained by 
the arithmetical addition of the burdens, particularly if a device 
of low power factor forms a considerable part of the total burden. 
For example, if the volt-ampe]^ burden of a device of high power 


Fio. 23.—Vector addition of cur¬ 
rent-transformer burdens. 
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factor be added to a burden of a device of low power factor, the 
results obtained by calculation in accordance with each of the 
above mentioned methods is illustrated in Fig. 23, where Ri 
and Xi are the resistance and reactance, respectively, of the high- 
power-factor device, and R 2 and X 2 are the resistance and react¬ 
ance of the low-power-factor device. The total volt-amperes 
for the two devices is as follows for the arithmetical method at 
5 amp: 

(5yZi + (5)2^2 = 25Zi + 25 Z 2 

By the vectorial method the total burden is 25Z8, which is 
considerably less. 

SELECTION OF CURRENT TRANSFORMERS FOR USE ON 
CIRCUITS HAVING A GROUNDED NEUTRAL^ 

Current transformers for use on the line side of a power trans¬ 
former, as illustrated by diagrams A and B, Fig. 24, should be 

Current 



Fio. 24.—Typical applications of current transformers to power-transformer 

circuits. 

selected on the basis of the phase-to-phase voltage, regardless of 
whether the neutral is grounded directly or through a switch or 
resistance, or is not grounded. A possible exception is with 
permanently grounded power transformers having 2,73 insulation 
(test voltage of 2.73 times the Y voltage), as shown in diagram 
H, Fig. 23. In this case it may be possible to use current trans¬ 
formers having insulation equal to that of the power transformers 
plus 12}4 per cent. 

* From published data of the General Electric Company. 
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Current transformers for use at the neutral, either in the phases 
or between the neutral point and the ground, as shown by dia¬ 
grams C and Df Fig. 24, should be of the same insulation as those 
used on the line side (i.e., being of voltage rating on the basis of 
phase-to-phase voltage), if there is a disconnecting switch or a 
resistance on the ground side of the current transformer. 

Where the neutral of the power-transformer bank is ‘‘dead- 
grounded,’* without resistance or disconnecting switch, either 
with full or reduced transformer insulation, as shown by diagram 
E, Fig. 24, or where a resistance or a disconnecting switch is on 
the side of the current transformer away from the ground (so 
that the current transformer itself is permanently dead-grounded), 
as illustrated by diagrams F and G, Fig. 24, current transformers 
of 15,000 volts may be used, except in the cases where the phase- 
to-phase voltage is less than 15,000 volts, when the neutral 
current transformers should correspond to the phase-to-phase 
voltage. On systems of voltages exceeding 15,000 volts, where 
15,000-volt current transformers are used, the secondary leads 
should be grounded at the current transformer and the primary 
equipped with by-pass protectors unless a one-turn primary 
current transformer is used. Such transformers are safe only 
when the neutral ground is perfectly reliable and of low resistance. 
They are subject to high voltages and become a source of danger 
in their primary as well as their secondary circuits if the neutral 
ground becomes unreliable or of high resistance. 

MECHANICAL AND THERMAL CHARACTERISTICS OF CURRENT 
TRANSFORMERS 

Current transformers may fail under short-circuit conditions 
for either of two reasons. The heat generated in the windings 
may be sufficient to destroy the insulation, or, if the transformer 
is of the wound type, the mechanical force produced by the 
short-circuit current may be large enough to damage the coils. 
Standard wound-type transformers will carry 50 to 75 times 
normal current (depending on the type used) for 1 sec. without 
damage. Special bracing can be put on wound-type transformers 
making them mechanically good for 150 to 300 times their rated 
current. Transformers can be built for even higher ratings, but 
they are large in size and necei^arily expensive. It is important 
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to specify the thermal time limit on transformers carrying more 
than 100 times normal current. 

POTENTIAL DEVICES 

In directional relay schemes it is necessary in most instances 
to use potential connections. These connections can be obtained 
from standard potential transformers, bushing potential devices, 
or capacitor potential devices. 

Potential Transformers. —Standard voltage transformers are 
available in the dry type for the lower voltages (15 kv. and 
below) and the oil-immersed type for the higher voltages. These 
transformers have a capacity of 200 volt-amp. and are com¬ 
pensated to give correct ratio at 40 volt-amp. This compensa¬ 
tion value need not be considered as far as relay applications are 
concerned, because the accuracy up to full rating of the trans¬ 
formers is well within relay requirements. 

Voltage transformers are compensated for their iron loss at 
rated voltage. When used on cither a higher or a lower voltage 
an error is introduced. In general this error will n t be more 
than 0.15 per cent when the applied voltage is from 50 to 110 per 
cent of rated voltage. A voltage transformer should never be 
used on a circuit whose voltage is more than 10 per cent above 
the rated voltage of the transformer. Reference should be made 
to the chapter on Vectors for typical potential-transformer 
connections. 

Potential transformers may also be used as small power trans¬ 
formers to supply loads in excess of 200 volt-amp. For such 
applications the capacity rating is based on heating and not 
accuracy. These ratings are generally from two to five times 
the standard rating of 200 volt-amp. 

Principle of Operation. —The potential transformer is, in 
principle, an ordinary constant-potential transformer (as a dis¬ 
tribution transformer), especially designed for close regulation, 
so that the secondary voltage under any condition will bear as 
nearly as possible a constant ratio to the primary voltage and 
differ from it in phase by as near 180° as possible. 

The secondary voltage cannot be exactly proportional to the 
primary voltage or exactly opposite to it in phase for all condi¬ 
tions, on account of the losses in the transformer and the mag¬ 
netic leakage between coils. This may be explained by reference 
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to the vector diagram, Fig. 25, for a 1:1 ratio transformer. The 
symbols on the diagram have the following significance: 

OEp = voltage impressed on the primary winding. 

OE 9 = voltage delivered to the instruments by the 
secondary winding, or the transformer-second- 
ary terminal voltage. 

0/« *= exciting current required to establish flux in 
the core. It flows only in the primary winding 
and is composed of the components /m, required 
to magnetize the core, and required to 
supply the core losses. 

01 , = load current, or the current delivered to the 
instruments. 



01 p = vector sum of I, and or the resultant 

current that flows in the primary winding. 

I,Rp and I,Xp = resistance and reactance drops, respectively, 
in the primary winding due to its resistance 
and reactance only and the exciting current. 
These drops are practically constant as long as 
the primary impressed voltage is constant. 

I,Rp and I,Xp = resistance and reactance drops, respectively, 
in the primary winding due to its resistance and 
reactance only and the load current. These 
drops are entirely dependent on the magnitude 
of the burden connected to the secondary. 

OJ?' = voltage induced in the secondary winding by 
the flux. 

—0J5' == reversed secondary induced voltage, or the 
counterpart of E' in the primary winding. 
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and /.X, = resistance and reactance drops, respectively, 
in the secondary winding due to its resistance 
and reactance only and the load current. 
These drops are also dependent on the magni¬ 
tude of the burden connected to the secondary. 

4 >h = angle between the secondary terminal voltage 
and the load current. This angle is fixed by 
the power factor of the burden. 

7 = angle between the reversed secondary terminal 
volts —Eg and the primary impressed volts 
Ep, This angle is designated as the phase 
angle of the transformer. In a perfect trans¬ 
former it would be zero. 



Per Cent Load 

Fig. 26.—Ratio error curves of potential transformer. 

The vector diagram as showm has been greatly distorted in 
order to simplify explanation. In reality the resistance and 
reactance drops are very small. 

Errors. —From the foregoing it is seen that the presence of the 
voltage drops within the transformer causes the secondary voltage 
to be lower than the ratio of secondary to primary turns would 
indicate. This error is called the ratio error.'' Also, these 
same drops cause the reversed-secondary-voltage vector to differ 
in phase from the impressed-voltage vector. This error is called 
the ^^phase-angle error." Potential transformers are so designed 
that these drops are extremely small and cause only very small 
errors. 

The ratio error^ in any transformer, can be neutralized for- one 
particular condition of load, frequency, and voltage by com- 
penaating the transformer. This means that the actual ratio 
of turns differs from the marked ratio of the transformer by an 
amount just sufficient to make up for the voltage drops present 
under this condition. This is illustrated in Fig. 26. The dotted 
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curve shows the percentage of marked ratio for an uncompen¬ 
sated transformer, and the full line shows the same transformer 
compensated to deliver correct voltage at half load. 

The phase-angle errors cannot be compensated for by changing 
the turn ratio, as is done for the ratio errors. They need not be 
considered when using voltmeters, frequency meters, synchrono¬ 
scopes, or protective and regulating relays. They are important 
only when the transformer is used with watt-meters, watthour 
meters, and similar instruments where indication depends not 
only on the voltage but also on its phase relation to the line 
current. The analysis of phase-angle errors will therefore not 

be covered in that it does not 

^- 1 -enter into the application of 

9 I relays. 

I Bushing Potential Device.— 

T The potential device makes use 

^b*F I of the inherent potentiometer 

I T , I characteristics of the condenser 


I p—. ^ bushings on high-tension circuit 

I ^ ^breakers and transformers, 

j zg ] Unlike the insulator potenti- 

I r _ f .* ometer scheme, it depends upon 

i ^ a relatively large charging 

Fio. 27.—-Schematic diagram of simple current through the bushing 
potentiometer circuit, and not upon a leakage cur¬ 

rent over the weather casing. 
Theory of Potential Device.—Owing to the fact that standard 
condenser bushings are designed for a voltage drop in excess of the 
usual instrument voltage, some means must be provided for lower¬ 
ing the voltage across the last step to the usual 110 volts for 
meters and relays. This may be done by paralleling with the last 
layer a condenser of suitable size, or by the use of a transformer 
or resistor. The transformer method is best as it allows a greater 
current to be drawn from the potentiometer. However, with the 
transformer alone only instruments which have been specially 
calibrated can operate with accuracy. Any instrument having 
resistance in its circuit will cause the instrument voltage to be out 
of phase with the line voltage. 

The schematic diagram for this elemental potentiometer is 
shown in Fig. 27. Neglecting ihe transformer or referring all 
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constants to one side of the transformer for simplicity, then 
from Fig. 27 the potentiometer ratio is 

T = + ^) + l] 

At no load the value of Z is infinite, consequently if we sub¬ 
stitute 00 for Z in the above equation we obtain the no-load ratio 
as follows: 


E 




Zb + Zx 
~ Zx 


( 2 ) 


This gives the potentiometer ratio on open circuit as being pro¬ 
portional to the total impedance of the bushing divided by the 
impedance of the last step. 

The effect of load may be seen as follows, substituting the 
following terms in Eq. (1): 

Zb = "-JXb (capacity reactance only) 

Zx = — (capacity reactance only) 

Z ^ R + jX (resistive with either inductive or capacitive 
reactance) 

Then the ratio 


In order that El/E be a numerical quantity, z.e., that there 
be no phase-angle displacement between En and Ey all j quan¬ 
tities in the above equation must cancel. By inspection it may 
be seen for any value of load resistance R except zero that the 
j terms will not cancel and there will be an angular difference in 
phase between the line voltage El and the instrument voltage E. 
Since practically all commercial forms of meters and instruments 
have some resistance in their windings, it can be seen that this 
elemental potentiometer or potential device is inherently subject 
to large errors unless the instruments have been carefully cali¬ 
brated to account for this phase-angle displacement 

If an instrument having negligible resistance such as an elec¬ 
trostatic voltmeter were connected to the terminals of the above 
device, the value = 0 and Eq. (3) becomes 



( 4 ) 
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Here all the j terms have canceled out, El/E is a numerical 
value and hence the phase angle between El and E is zero. 

It is interesting to note that if +X = —Xx, or if the load is 
highly inductive with negligible resistance and is resonant with 
the last step of the bushing Xxf the ratio El/E = 1 and full 
voltage would be impressed across the transformer primary thus 
causing its failure. This case is practically never completely 
attained in practice, but it can be approached closely enough to be 
dangerous unless care is taken in designing the potentiometer. 

If we place a variable reactor in series with one of the trans¬ 
former secondary leads as shown by Fig. 28, we obtain an 



Fio. 28.—Schematic diagram of potentiometer circuit which gives improved 

characteristics. 

improved potentiometer or potential device that is more nearly 
independent of the instrument or burden impedance, in so far as 
voltage and phase-angle variation is concerned. This reactor, 
when properly tuned, compensates for phase-angle errors caused 
by the instrument resistance, and the potential device gives a 
voltage proportional to and in phase with the line-to-ground 
voltage on the bushing. This is shown by the vector diagram. 
Fig. 29, which has been drawn from actual test data. At no load 
(open circuit) the reactor is ineffective since no current is flowing 
through it. Consequently the no-load voltage depends only 
upon the potentiometer ratio of the condenser bushing and the 
ratio of the transformer as shown above for the elemental device. 
That the relation between El and E is now approximately inde¬ 
pendent of the load impedance is evident from the following 
equation based on Fig. 28. In this case, as before, all constants 
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have been referred to one side of the transformer circuit. Let 
Zb be the bushing impedance from the central conductor to the 
tap, and Zx be the last layer impedance. Then, under all load 
conditions within the rating of the device, the bushing charging 

El 

current may be considered as being Ib — 717 — ; For 

[Lb “T ^xJ 

convenience in analysis assume Zb = -^JXb and Zx = —jXo, 
Let the reactor impedance Zi be pure inductance and equal to 


jXo. Then 


^ ^ ^B + Xo 

E —jlaXo Xq 


Hence the voltage ratio is approximately independent of instru- 



Fig. 29.—Vector analysis of potential device. 


ment impedance, and the phase angle between El and E is 
approximately zero. The greater the number of steps in the 
bushing the better will be the approximation. 

At times, the no-load voltage may be slightly higher than is 
desirable if good regulation is to be obtained. The addition of a 
small condenser across the transformer secondary causes the 
no-load voltage across the last layer, and consequently the no-load 
voltage of the device, to be lower than normal. This can be 
readily understood if we remember that in a condenser bushing 
the voltage across any one layer is inversely proportional to the 
capacity of that layer. In other words, if we place a small 
condenser across one layer of a condenser bushing, we cause the 
voltage across that layer to decrease in proportion to the amount 
of capacity added or in proportion to tlie total capacity resulting. 
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As shown in Figs. 30 and 31, the small condenser has been 
paralleled with the last layer through the transformer. If the 
transformer ratio is 10/1 and the capacity added is 1 microfarad, 
the effect on the bushing is the same as if 0.01 microfarad has 



Fig. 30. —Complete schematic diagram of potential device. 
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Fig. 31. —Circuit arrangement of potential device. 


been paralleled directly across the last layer or through a 1/1 
transformer. 

The relation between El and E for the completed potential 
device taking into account the transformer impedance, as shown 
schematically by Fig. 30, is given by the following equation: 



All constants are referred to one side of the transformer. The 
exciting current is represented by the inductive component, the 
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iron loss by the resistive component, and the last-step capacity 
by the capacity component of Zx. The impedance of the trans¬ 
former is represented by Zt placed back of the exciting impedance. 
The position of this impedance is somewhat in error, but its effect 
on the performance is very small. 

Under normal conditions and within reasonable limits, the 
voltage across the burden remains fairly constant, regardless of 
burden impedance. As the burden is increased, the voltage drop 
across the reactor and across the last layer is increased. Hence 
the bushing operates with a variable voltage on the last step 
when used with the potential de\dce. It is desirable to keep 
this voltage as near the normal operating voltage as possible, 
particularly under load conditions. This is done by means of 
the small condenser, since, as pointed out above, it causes the 
no-load voltage of the last step (and consequently of the potential 
device) to be lower than normal, thereby providing a liberal 
margin for the rise cf voltage caused by the instrument load. 
By this means, it is possible co operate the potential device with¬ 
out in any way interfering with the normal operacion of the 
bushing. 

As has been stated, the voltage across the last layer increases 
with an increase in instrument burden on the potential device. 
One explanation of how this increase takes place is given by 
Eq. (4) when the total reactive impedance is approximately equal 
to the total capacitive impedance and a resonant condition is 
approached. As indicated by the above mentioned equation, 
the potentiometer ratio approaches one when resonance takes 
place and the voltage across the last layer, t.e., the transformer- 
primary voltage, tends to approach the line-to-ground voltage 
across the entire bushing. A second explanation is as follows: 
The circuit ordinarily is predominantly capacitive, and at no 
load or light load the reactive impedance is insufficient to cause 
resonance. As the load is increased across the terminals of the 
device, the current through the reactor increases thereby increas¬ 
ing the effective reactive impedance in the circuit, and resonance 
is approached. When the device terminals are short-circuited, 
maximum current flows through the reactor and consequently 
there is maximum reactive impedance in the circuit which may be 
just sufficient to cause resonance. 
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When two impedances Zi and Zc are connected in parallel, the 
total impedance Zr is given by the following equation: 


Zt 


Z\Zc 
Z\ + Zc 


(7) 


If Zc is capacitive {—Zc) and is approached in value by the 
reactive impedance Zi, it can be seen from Eq. (7) that the 
denominator approaches zero in value and the total impedance 
Zt approaches infinity. Since the condenser bushing consists of 
several capacity impedances in series, the last one of which is 
paralleled with a reactive impedance, it is evident that the last 
layer impedance will tend to approach an infinite value when the 
reactive impedance is sufiicient to cause resonance. In other 
words, when the load on the device approaches short-circuit 
conditions, the last layer impedance tends to approach an infinite 
value. 

When a voltage is applied to any number of impedances in 
series, one of which approaches an infinite value as in the case 
just explained, the entire voltage tends to pile up across that 
impedance whose value approaches infinity. Theoretically, 
then, it is possible to obtain full line-to-ground voltage across 
the last layer of the bushing, if sufficient reactance is available 
in the potential device to cause resonance. The bushing poten¬ 
tial device is so designed that, along with the inherent resistances 
and losses in the circuit, the above set forth conditions cannot be 
fuUy obtained. The theoretical discussion given will, however, 
help to explain why an increase in voltage across the transformer 
primary always takes place when load is applied to the device. 

To prevent damage to the bushing caused by overloading the 
device, or short-circuiting its terminals, a small protective spark 
gap has been permanently connected across the transformer 
primary, as shown in Fig. 31. This gap functions well below 
the dangerous voltage, so that there is no possibility of the bush¬ 
ing being damaged. It furthermore acts as a protective device 
for the instruments connected to the secondary of the device 
protecting the instruments against abnormal line conditions such 
as would be caused by lightning, switching, etc. The operation 
of the gap due to abnormal line conditions or to an overload on 
the device is in no way detrimental to the long life of the bushing. 
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Potential-device Ratings. —^The condenser-bushing potential 
device has a limitation in the maximum allowable secondary 
burden due to insulation limitation of the condenser bushing. 
Two types of device are available, each of which has the following 
limitations of burden depending upon line voltage. 


Voltage class, 
kilovolts 

Operating voltage, 
kilovolts 

Burden, 60 cycle, 

110 volt, volt- 
amperes 

92 

88 

12 at 100% P.F. 

.116 

110 

15 at 100% P.F. 

138 

132 

20 at 100% P.F. 

161 

154 

27 at 100% P.F. 

196 

187 

60 at 100% P.F. 

230 

220 

60 at 100% P.F. 

297 

287 

120 at 100% P.F. 


Quite often the power factor of the secondary burden is rela¬ 
tively low such as in the average induction-type rela^. In such 
cases, the effective volt-ampere burden on the potential device 
may be reduced by improving the burden power factor with an 
additional condenser installed in the device. 

As an illustration of the advantage gained by using condenser 
compensation, consider the application of 90° connected direc¬ 
tional overcurrent relays, where the relay burden plus external 
resistor is 15.2 volt-amp. at 78 per cent power factor. 

Relay burden in volt-amperes (110 

volts). 11.8+j9.45 

Minimum effective burden of relay. 11.8 + jO. 

Reactive component of relay burden 0 + j9.45 

9.45 X 10® 

Compensating condenser capacity • ^ 2 X 60 ~ 

Thus a condenser of 2.08 mf. connected in parallel with the 
relay reduces its effective burden to 11.8 volt-amp. at 100 per 
cent power factor. The compensating condenser connected in 
parallel with the relay burden and tuned for 60 cycles will have 
no detrimental effect on the operation of the relays. 

Generally, the performance of * the standard silicon-steel 
potential device is satisfactory for most transmission-line relay 
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applications. At low line voltages, like those experienced when a 
fault is close to the bus, the phase-angle error is quite large, 
especially at the higher burdens, and may affect the operation of 
relays using the reactance principle for their operation. 

A new potential device has recently been developed which 
has improved ratio and phase-angle characteristics. The device 
is similar to the one described above except that Hypernik is 
used in the core of the transformer and reactor. Owing to the 
high-permeability and low-loss characteristics of this material, 
the phase-angle errors are considerably less at the lower line 
voltages. The Hipernik device is applicable for energizing such 
burdens as reactance relays where greater phase-angle accuracy 
is required. 

Capacitor Potential Devices. —Capacitor potential devices 
have been made which use the same potential-device network as 
already described except that a stack or string of carrier-current 
coupling capacitors are used in place of the condenser bushing. 
The capacitor units are arranged for suspension or pedestal 
mounting and connected phase to ground. Potential devices 
when used with capacitors are available at a rating of 100 volt- 
amp. for line voltages as low as 44 kv. 

The capacitor potential device is well adapted for energizing 
impedance and reactance relays, in that the phase-angle errors 
over a range of 5 to 120 per cent of line voltage do not exceed 
6®. In addition, it is applicable to various schemes of high- 
tension relay protection up to full rating, where relay accuracy is 
essential. 



CHAPTER X 


DIFFERENTIAL PROTECTION' 

Differential protection is a general system of protection based 
upon balancing the secondary current in current transformers so 
that an operating winding of a relay when bridged across this 
balanced circuit will have zero current d'lring the normal power- 
flow conditions upon which the connections are based. Any 
change in the power-flow conditions which upsets the balance 
will necessarily cause current to flow in the operating winding of 
the relay. This general system of protection is applied to trans¬ 
formers, rotating apparatus, and to station and substation buses. 

TRANSFORMER PROTECTION 

The transformer represents such a large capita' investment 
and is of such importance to the operation of the present-day 
power system that every means should be taken to supply it with 
protection, provided this protection does not interfere with the 
transmission-line relaying so as to cause undue outages. This 
means that such protection should be sensitive to transformer 
bushing or internal-winding faults and yet be inoperative for 
through faults. 

There are three general classifications of abnormal conditions 
which should be considered: 

1. Sustained overloads 

2. Excessive temperatures 

3. Internal faults 

The first two of these types of abnormal conditions are similar, 
the difference being only a matter of time. It is the duty of the 
switchboard operator to cut into service additional transformers 
so as to prevent damage to the apparatus due to sustained over¬ 
loads. Under peak-load conditions of relatively short duration, 
such as half an hour or possibly one hour, it is usually permissible 

1 General description and characteristics of relays taken from published 
data of the Westinghouse Electric and Manufacturing CJompany and General 
Electric Company. 
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to overload the equipment, provided the temperature does not 
become excessive. Temperature-indicating devices permit the 
operator to keep a check on the condition of the equipment. 
It is usually not desirable, however, to apply relays to disconnect 
the equipment automatically, as the overload may be but a 
temporary condition not justifying dropping the entire load. 

Bushing and internal-winding faults, however, should cause 
the equipment to be relayed out of service as promptly as possible. 
Winding faults may be classified as phase-to-phase short circuits, 
short-circuited turns, open circuits, and grounds. Most winding 
faults develop as a ground on one phase winding. Although 
relays used for the protection of apparatus, as contrasted with 
transmission lines, are not frequently called upon to function, 
the importance of the apparatus which they protect warrants 
their use. Experience has proved the efficacy of ratio differential 
relays for the protection of transformers and generators, because 
of their speed of operation and the fact that, while remaining 
inoperative to relatively large through-fault currents, they are 
sensitive to small internal-fault currents. 

Overcurrent Relays for Differential Protection.—A few years 
ago, it was common practice to use ordinary overload relays 
connected differentially between two sets of current transformers, 
as shown in Fig. 1, the current-transformer ratios being chosen 
so that, on through power flow, the secondary currents of the 
current transformers were as nearly equal as possible. No 
current would enter the relay circuit because of its relatively 
high impedance and because the secondary currents are balanced. 
Hence the relays are unaffected under normal load and under 
through-short-circuit conditions. An internal fault, however, 
causes an unbalance in the currents of the differentially con¬ 
nected current transformers, as shown in Fig. 2, and operates 
the overload relay. A hypothetical case has been assumed 
where the short-circuit currents from the 66-kv. and 13.2-kv. 
sides are such that the current-transformer secondary currents 
are equal. Ordinarily, of course, these currents are not equal, 
but even if no short-circuit power is available from one side, there 
will still be sufficient current from the other side to cause relay 
operation. 

If the current transformers of e^act inverse ratio to the power- 
transformer voltages are not available, then current-balance 
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autotransformers must be inserted in the secondary of the 
current-transformer circuit in order to balance the currents. 
This case is illustrated in Fig. 3. Current-balance autotrans¬ 
formers are also required if a delta connection is used on one set 
of current transformers and a star connection on the other set. 


Transformer 



sSTa. 

Fig. 3. 

Figs. 1, 2, and 3.—Schematic diagrams of transformer differential protection. 


The equal-balance conditions just discussed obtain only under 
such ideal conditions as follows: 

1. Fixed power-transformer ratio 

2. Identical current-transformer ratio curves 

3. Equal lengths of leads from each side of current transformers to the 

4. ^ Accurate selection of the proper taps on current-balance autotrans¬ 
formers, where such transformers are used 

It is evident that such ideal conditions do not exist for installar 
tions of transformer-differential protection. The high-side and 
low-side current transformers are usually of different types having, 
of course, different ratio curves. It is usual to have bushing- 
type current transformers on the high-tension side of the trans¬ 
former bank and wound-type on the low-tension side. Further¬ 
more, the lengths of current-transformer leads are usually not 
the same, and there is a magnetizing component of current on 
one side which does not exist on the other. A given set-up may 
be fairly well balanced for normal load conditions, but a through 
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short circuit may easily unbalance the circuit so that, unless a 
high-ampere tap setting is used, sufficient current will be pro¬ 
duced to trip the relay. The use of a high-ampere tap setting 
cuts down the sensitivity of a relay scheme, which means longer 
time to clear an internal fault. 

Operating Principles and Characteristics of Percentage- 
differential Relays. —^The percentage-differential relay is designed 
for the differential protection of alternating-current apparatus 
including motors, generators, and transformers. It is a current- 
operated induction relay so designed that its operating current 
varies in proportion to the load. The current required to operate 
the relay, assuming the instantaneous direction of currents in 
two sets of current transformers to be the same, increases in 
proportion to the line current instead of remaining constant for 
all load conditions. This feature of the relay tends to prevent 
faulty tripping on through faults, due to unbalanced current- 
transformer characteristics or loading; and allows the relay to be 
set for close protection at normal loads. 

Other methods of differential protection generally operate on 
a constant difference between two currents, so that a slight 
difference in current-transformer ratios, or a slight error in bal¬ 
ancing when magnified by a through fault, may permit circulating 
current to operate the relay incorrectly. The overcurrent relays 
used in such schemes must, therefore, be given either high-current 
settings or high-time settings to prevent faulty tripping. Either 
one of these corrections reduces considerably the effectiveness of 
this type of protection. 

The Transformer-type Ratio-differential Relay. —^The trans- 
former-type ratio-differential relay is suitable for the protection 
of all two-winding transformers and some multiple-winding 
transformer applications. Since the current-transformer second¬ 
ary currents of a power transformer are usually unequal, the 
transformer-type relay is provided with taps so that current¬ 
balancing autotransformers are unnecessary on two-winding 
transformer applications when the secondary currents are within 
a 2:1 ratio. The transformer-differential relay is less sensitive 
than the generator relay, being designed to operate on a fixed 
percentage differential of approximately 26 or 50 per cent. 
This prevents the relay from operiiting on unbalances caused by 
the transformer magnetizing-current rushes as well as a wide 
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difference in the current-transformer performance, as when 
wound-type transformers are balanced against bushing tsrpe. 
These effects are particularly pronounced in case of heavy 
through faults. 



Fiq. 4.—Schematic connections of one phase of a three-phase percentage- 
differential transformer relay. 



^0 5 iO i5 20 25 30 35 40 45 50 

Resfrainin 9 Current 

Fig. 6. —Operating characteristics of relay shown in Fig. 4. 


In Fig. 4 are shown the connections for one phase of the three- 
phase percentage-differential transformer relay. Both the 
operating and restraining coils have taps so that any inequalities 
that exist, due to the impossibility of obtaining ideal ratios in 
standard or bushing transformers, may be balanced. Figure 5 
gives the operating characteristics of the relay shown in Fig. 4. 

A simplified diagram of a single-phase induction percentage- 
differential transformer relay is shoWn in Fig. 6, and operating 
characteristics of this relay are shown in Figs. 7, 8, 9, and 10. 




294 RELAY SYSTEMS—THEORY AND APPLICATION 


A connection diagram for use with delta-delta connected power 
transformers is given in Fig. 11, the current transformers being 



Fig. 6. —SimplMed diagram of aingle-phase induction-type percentage-differ¬ 
ential relay applied to single-phase transformer. Current flow indicates fault 
conditions. 


.,, , T 

Minimum operotingi curves 
forrciHo dlffcrcnfioil relay 
for transformer protection 

. I l.l M M I , 

Currenf in ihe iwo sum coils flow 
in opposife dir eel ions, Conlacis 
of re!Ofy will dose in area and 
will remain open in area h lefi 
of curves, Daktfaken on 60cycles 


"0 02 04 a6 Q8 10 1.2 14 16 18 ZD Z.2 Z4 2j8 30 5.2 
Amperes in S Amperes Coil(Na3) 

Fig, 7. —Sensitivity characteristics of transformer-differential relay when 
current flows into transformer fault from both sides of the bank, or when current 
from either side is sero. 



connected in star. If the current-transformer ratios on the high 
and low sides are exactly the inverse ratio of the transformer 
voltages, then the 6-to-6 amp. :tap on the relay can be used. If 
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the current-transformer ratios do not match the voltage ratio of 
the power transformers, then a balance can be effected within 
the relay by the use of taps which give a ratio range of 6-to-5 
up to lO-to-5. 

The final tap selected should be based on an analysis of current- 
transformer ratio curves which include values to at least 10 times 
normal load. In many cases values up to 15 and 20 times 
normal load will be required. The volt-ampere load of the com¬ 
plete circuit, including relay and conductors, should be deter¬ 
mined to a fair degree of accuracy. The relay-characteristic 
curves should be checked to see that there is ample margin for 


Ti I I r 

“Ratio diffcrentialrelay fortrcinsformer - 
I protedion load time curves on 5-5Ampi tap_| 

Sum coUcurrenh arein opposih- 
directions. Contact iravef ^2"__ 

I Data ioikenon BOc/des 
Power transformer — 



6 8 to , 

Amperes in Difference Coil (No.t) 

Fig. 8.—Operating time characteristics of transformer-differential relay. 


maximum through short circuits. The operating margin for 
heavy through faults may be increased by taking advantage of 
the fact that the per cent unbalance required to operate the 
transformer-type ratio-differential relays at light loads is not 
exactly 50 per cent but is somewhat greater than this value. This 
margin over 50 per cent is present even up to normal full load, 
and it is therefore possible to set the relay at a tap somewhat 
off balance for normal conditions. 

It is usually not necessary to make calculations as to the num¬ 
ber of transformer turns required to be short-circuited in order to 
cause sufficient unbalance for relay operation. It will be found 
that on large transformers one or two short-circuited turns are 
all that is required. These calculations must be based on actual 
design data and no general limits can be determined as it depends 
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largely on the type and design of transformers. In tap-changing- 
under-load transformers, the exciting winding of the boost- and 
buck-regulating transformers has a kilovolt-ampere rating of 
only 10 to 20 per cent of the main windings, and hence special 
provision is often necessary in order to provide sensitive protec¬ 
tion to the regulating transformer winding. 

Delta-star Connected Transformer Banks.—A somewhat 
dijfferent problem presents itself for delta-star connected power- 
transformer banks. In making differential connections for such 


32 1 


Marify I 
marks \ 


\Cur frans. L/S A. 


To trip re fay^ 
To be/f re fay 





WifferenHaf 
re/ays 


Lovr current stuot 

"^Ground 

3 2 1 

Fig. 11.—Diagram of connections for differential protection of delta-delta 

transformer bank. 


installations, careful attention must be given to the phase rela¬ 
tions of the current-transformer secondary currents. This is 
especially true where the current transformers are located outside 
of the delta connection of the power bank, as is usually the case. 
For these conditions, shown in Fig. 12, the current transformers 
on the star side of the power-transformer bank are connected in 
delta and balanced against the star-connected current trans¬ 
formers on the delta side of the power-transformer bank. This 
gives the proper phase relation, not only for balanced three-phase 
conditions, but also for line-to-line and line-to-ground through 
short circuits. 

The question as to how to properly connect a delta-connected 
set of current transformers to a star-connected set so as to get 
the correct circulating currents between the two can be easily 
determined by the use of vectors, as‘follows. 
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In Fig. 12, polarity marks are indicated on the main trans¬ 
former windings as well as on the current-transformer windings. 
The end of the windings on which the polarity mark is placed will 
be considered as plus and the opposite end of the winding will be 
considered as minus. The voltage and current vectors for the 


3 2 t 



c b a 

Fio. 12.—Schematic diagram of differential protection applied to Y>delta trans¬ 
former bank. 

star-connected main transformer winding are shown in Figs. 
13 and 14. In Fig. 13 they are represented by the closed-delta 
system of vectors and in Figs. 14 by the open system of vectors.^ 
For the delta-connected main transformer winding, the vectors 
are represented by the closed-delta system as in Fig. 15, and the 



Fig. 13. Fio. 14. Fio. 16. Fig. 16. 


Figs. 13 and 14. —Vector analysis of Figs. 16 and 16. —Vector analysis of 
Y-connected main transformer winding, delta-connected main transformer 
Fig. 12. winding, Fig. 12. 

voltage and current vectors are represented by the open system 
of vectors in Fig. 16. It should be carefully noted that the 
current vectors shown are the line-current values. 

The problem is to connect the current transformers so that the 
proper circulation of current between the two sets of current 
transformers will result, i.s., that these currents be in phase. 
^ The fundamental vector notations are explained in Chap. Vlll. 
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The vector relations of the current-transformer secondary cur¬ 
rents are shown in Figs. 17,18, and 19. 

For example, the current /« in the secondary of the current 
transformer in lead a on the delta-connected side of the bank is 
shown in Fig. 17, and it is desired to find a current from the 
secondaries of the current transformers on the star-connected 
side of the bank which will be in phase with /«. In Figs. 14 and 
17, it is shown that the vector sum of —/i and 4-/3 gives a value 
73-1 which is 180® out of phase with /«, and this is the desired phase 
relation. This resultant vector / 3.1 is, of course, obtained by 
connecting the positive end of the current transformer in leg 3 to 


-U- 

*1, 1 

■'2 t 


Fro. 17. 

Fig. 18. 

Fig. 19. 


Figs. 17,18, and 19.—Vector analysis of current-transfcfiner connections. Fig. 12. 

the negative end of the current transformer in leg 1. The 
resultant current /s-i will be greater than by the ratio of 1.73:1, 
provided the current transformers are the exact inverse ratio of 
the power-transformer ratios, but this difference can be taken 
care of by selecting the proper taps on the relay. 

In the same way h is balanced by the resultant vector I 1-2 
as shown in Fig. 18, and Ic is balanced by the vector 72.3 shown 
in Fig. 19. The delta connection of the current transformers in 
the star-connected side of the main transformer bank is then made 
to conform to these results, shown in Fig. 12, and the connections 
are completed through the ratio-differential relays to the star- 
connected current transformers on the delta side of the bank. 

This vector analysis is based on subtractive polarity of both 
the main power transformers and the current transformers. If 
the polarities of the power transformers and the current trans¬ 
formers should be different, the delta must be formed accordingly. 

The objection to the use of star-connected current trans¬ 
formers on the star side of a star-delta transformer bank arises if 
the power-transformer neutral is grounded. Under this con¬ 
dition the bank supplies ground or zero-phase sequence current 
to through ground faults on the star side. With star-connected 
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current transformers the only path for this secondary current is 
through the diflferential relays causing them to trip off the trans¬ 
former bank. On the other hand, with delta-connected current 
transformers on the star side the secondary zero-sequence current 
circulates through the current-transformer secondaries instead 
of through the relays. 

Figures 20 to 25^ illustrate the current flow for various through 
faults. Figures 20, 21 and 22 are for the standard connection 


Ab source No source Sou roe 

3 2 1 3 2 1 5 2 1 



Source Source No source 

Figs. 20, 21, and 22.—Analysis of through-short-circuit current flow of power- 
transformer bank with differential protection properly connected. 

which does not cause relay action. Figures 23, 24, and 25 are 
for corresponding conditions of through faults if the current 
transformers are star-connected on the star side of the bank and 
delta-connected on the delta side of the bank. This connection 
gives rise to relay current in case of a through ground fault as 
illustrated by Figs. 24 and 25. On account of the double-delta 
transformation on one side of the transformer bank, this second¬ 
ary current is three times the secondary current on the other side 
of the bank, and hence, assuming a 1:1 transformation for the 
power and current transformers, a set of auxiliary 3:1 current 
transformers are required to bfdance the secondary currents. 

^ Acknowledgment is given to E. H. Klemmer for this analysis. 
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With the standard differential connection as shown in Figs. 20, 
21 , and 22, the auxiliary current transformers are not required 
as there is a delta transformation on each side. For simplicity, 
phase-to-phase and phase-to-ground faults only were considered, 
since, being single-phase faults, they give rise to in-phase cur¬ 
rents throughout, which avoids the complications of a vector 
analysis. 
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Figs. 23, 24, and 25.—Same analysis as shown in Figs. 20, 21, and 22 showing 
incorrect relay operation in Figs. 24 and 25 due to incorrect current-transformer 
connections. 


It may be of interest to note that the proper phasing of the 
connections involved in the differential protection can readily 
be checked by this method. A complete check would involve 
the consideration of two combinations of phase-to-phase faults, 
t.c., 1-2 and 2-3, and also a phase-to-ground fault, t.e., 1-G. If 
the connections satisfy these three conditions, they will also 
satisfy the three-phase fault condition or combinations of phase- 
to-phase and ground faults. ** 

Of course, in an actual installation, connections should 
checked by test to insure that the phase relations are correct. 
This can easily be done by the use of a portable phase meter. 
Connect one voltage coil to any convenient 110-volt circuit, as in 
the test connections (Fig. 26), and connect the current coil in 



802 RELAY SYSTEMS—THEORY AND APPLICATION 


series with the secondary circuit of the current transformers, 
first on one side of the ratio-differential relay and then on the 
other. For each of these two series connections, note the reading 
of the pointer on the scale of the phase meter. If the current 
transformer and relay connections have been properly made, the 
two readings should be practically the same except for slight 
divergence of a few degrees due to the magnetizing component. 
This, of course, is unbalanced and flows through the relay. If 
the readings are out of phase, to any extent, the connections 
should be checked and changed so that the currents are in phase. 
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Fig. 26.—Schematic test con¬ 
nections for differential 
protection. 
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Fig. 27.—Schematic dia¬ 
gram of sensitive differential 
protection of ground faults. 


This should be repeated on each of the three phases. It must be 
remembered that the portable phase meter is an approximate 
device and requires rated current and voltage to produce any¬ 
thing close to accurate results. If such full load current is not 
available, a correction curve of the meter should be used.^ 


SPECIAL CASES OF DIFFERENTIAL PROTECTION 

Ground Faults.—Protection against a fault to ground within a 
transformer can ordinarily be taken care of by the usual connec¬ 
tion of ratio-differential relays. They are sufiiciently sensitive 
to make special protection unnecessary in most cases where the 
neutral of a bank of transformers is grounded through a resistor. 
There are, however, certain exceptions where the neutral resistor 
has particularly high resistance, or where there is short-circuit 
power available only from the grounded side. A scheme of 
protection is shown in Fig. 27 which can be added to the regular 
phase-to-phase differential protection in order to get sensitive 
protection for a fault to ground within the transformer. The 

1 Refer to Chap. XV for further test information. 
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ratio-differential relay used should be of the generator type, as it 
is more sensitive than the transformer type. 

Current Transformers within the Delta. —^The use of trans- 
former-bushing-type current transformers on the delta-connected 
side of a transformer bank places the current transformers within 
the delta, and a special connection is therefore necessary. These 
connections for a star-delta connected transformer bank are 
shown in Fig. 28. The necessity of using the delta connection 
of current transformers on the star-connected side of the bank is 



Fig. 28.—Schematic diagram 
of differential protection of Y- 
delta transformer bank with cur¬ 
rent transformers within delta. 
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Fig. 29. —Schematic diagram of 
differential protection of delta-delta 
transformer bank with current trans¬ 
formers within delta. 


eliminated. However, this scheme has a decided weakness, in 
that it protects only the windings and does not include the bush¬ 
ings. Wherever possible, current transformers outside the delta 
should be used so as to get overall protection of the transformer 
windings and bushings. If either side of the transformer bank 
is connected to a system having the neutral grounded through a 
resistance at the source, ground-current protection should be 
included in addition to the differential protection as shown in 
Fig. 27. 

Differential-relay connections for a transformer with both 
windings connected in delta and with current transformers inside 
the delta are shown in Fig. 29^ Ground-current protection 
should also be added in case either side of the bank is connected 
to a system having the neutral grounded through a resistance at 
the source. 

Zigzag-grounding Transformers. —^The complete protection 
required on a zigzag-grounding transformer is shown in Fig. 30. 
The ratio-differential relay used to protect against internal faults 
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should be of the generator type. The ratio curves of the neutral 
transformer should be approximately the same as those of the 
line transformers, all current transformers having the same 
ratio. In order to prevent a dangerous temperature within the 
transformer from being reached while delivering power to through 
short circuits, a thermal relay is used. It should be given a time 
setting the same as the time rating of the transformer, usually 
one or two minutes. A special-geared 40-sec. overcurrent relay 
may be used in place of the thermal relay, for some applications. 


Sfalton bus 



transformer. 

Scott-connected Transformers. —A diagram of connections 
for the application of differential protection to a Scott-connected 
transformer bank is shown in Fig. 31. The vector analysis of the 
voltages and currents is given in Fig. 32. In this latter diagram, 
a is drawn for the three-phase line, b for the three-phase side of 
the transformer bank, and c for the two-phase side of the trans¬ 
former bank. The current vectors applied to relay 2 are shown 
in d, and those applied to relay 1 are given in e. These vectors 
were determined in a manner similar to that explained for Figs. 
13 and 19. 

Belay 1 can be connected directly to the current h from the 
three-phase side and the current la from the two-phase side, 
provided, of course, the proper current taps in the relay are used. 
For relay 2, the current h from the two-phase side must be bal¬ 
anced by the cross-connected current transformers in phases 2 
and 3 of the three-phase side. This is shown in Figs. 31 and 32. 
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The method of determining the proper current tap to be used in 
the relays is as follows. 

Let X represent the ratio of the current transformers on the 
two-phase side and Y represent the ratio of the current trans¬ 
formers on the three-phase side. From the fact that the total 
volt-amperes in the three-phase line are approximately equal to 



Fig. 32.—Vector analysis of differen- Fig. 33.—Autotransformer differential 
tial protection for Scott-connected protection, 

transformer bank. 


the total volt-amperes in the two-phase line, the following 
formula, applicable to relay 1, can be derived: 

h _ (2-phase) X X 
la i7(3-phase) X 7 X 0.866 

Taps on the sum coils of relay 1 must then be chosen in this ratio. 
A similar formula for relay 2 is as follows: 

723 _ JS7(2-phase) X X X 2 
h ^ i7(3-phase) X Y 

It will be noted that this balance ratio for relay 2 is equal to 
\/3 times the balance ratio of relay 1. 

Autotransformers.—Connections for differential protection, 
of an autotransformer are shown in Fig. 33. Since these trans¬ 
formers usually have interlacing tertiary windings to form a path 
for the flow of zero-sequence current, it is essential that the cur¬ 
rent transformers be connected in delta. The tertiary windings 
are not shown in the diagram, as they do not ordinarily have any 
external connections. If the current transformers were connected 
in star, relay operation would be caused by the flow of zero- 
sequence current. 
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Percentage-differential Relays for Three-winding Trans¬ 
former Protection. —^Two types of four-element (three restraining 
coils and one operating coil) percentage-differential relays are 
available for the protection of three-winding transformers. 
Three single-phase relays are required for the protection of a 
three-phase three-winding bank of transformers. These relays 
differ from the percentage-differential relay applied to two- 
winding transformer banks in that the four-element relays have 
no intemal-current-balance autotransformers. If the current 
transformers used with the relay will not give equal secondary 
currents in the correct phase relation, when properly connected, 



Fig. 34. —Schematic diagram of percentage-differential protection of three- 
winding transformer. 

external auxiliary current-balancing autotransformers are 
required. Usually, two sets of autotransformers (three each) 
are used, although, in some instances, one set may be sufficient. 

One type of percentage-differential relay for three-winding 
transformers is provided with percentage-ratio taps of 16, 26, 
and 40 per cent. The second type is designed for a 26 percentage 
ratio. The choice of a particular tap is based upon the per¬ 
formance of the current transformers under through-fault con¬ 
ditions and upon the severity of the magnetizing-current inrush 
of the power transformer to be protected. 

In some cases, modem power transformers give very high 
values of magnetizing-current inrushes when the first breaker is 
closed on a three-winding transformer. The magnetizing inrush 
may be of too high a magnitude and too long a duration for the 
pick-up value of these relays. In such cases it is necessary to 
provide auxiliary time-delay features to restrain the action of the 
relay until the magnetizing-current inrush has diminished below 
the pick-up value of the relay. * 
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In Fig. 34, is shown a schematic diagram of connections for the 
percentage-differential relay applied to a three-winding trans¬ 
former. The terminal connections of the 25 per cent-slope relay 
are given in Fig. 35, and the characteristics of this relay are 



Fio. 35.—Terminal connections of 25 per cent-slope relay for differential protec¬ 
tion of three-winding transformer. 


shown in Fig. 36. Figures 37, 38, and 39 give the characteristics 
of the 15, 25, and 40 per cent-slope relay, and Fig. 40 gives the 
connection diagram for this relay as applied to a three-winding 
transformer. 

A typical diagr am for a transformer having two star-connected 
windings and a delta tertiary used only as an interlacing winding 




Amperes Unbalance Current Through Operating Coil 



20 40 60 60 m 120 

Amperes Total Short Circuit Current Through Relay 

Fiq. 37.—Operating characteristics for a through fault when 15-25-40 per cent 
relay is used for protecting three-winding transformer. 
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Fia. 38.—Time-ampere curves of 15-25-40 per cent relay for protecting a three- 
winding transformer, when all windings are connected to source of power. 



Amperes 

Fig. 39.—Time-ampere curves of 16-25-40 per cent relay protecting a three- 
winding transformer, when one winding is connected to source of power. 
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is shown in Fig. 41. As in the connections for an autotrans¬ 
former, such a transformer connection requires that the current 
transformer be connected in delta on each side of the bank. If 
this is not done, an external ground fault will cause circulating 





Rekry 


Relay 


Fio. 40.—External connections for protecting three-winding transformer with 
15-25-40 per cent relay. 


current in the delta which, in turn, will produce zero-sequence 
current in the operating coil of the differential relays of sufficient 
magnitude to operate them. If delta-connected transformers are 



4r U U 

. Urfiory 


n 


'f¥W\ 


Thrfe-ekment 

differential 

relays 


Fiq. 41.—Schematic diagram of differential protection for Y-Y-oonneoted 

transformer. 


used, this zero-sequence component will circulate in the secondary 
delta of the current transformers and will not appear in the relays. 

In case the delta-tertiary winding is used for power purposes, 
current transformers must be added to this winding and fouiv 
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element relays must be used. If the current transformers are 
placed outside the delta connection of the tertiary winding, the 
current transformers for the tertiary winding must be connected 
in star as in Fig. 42. 



Fio. 42. 


Fig. 43. 


Figs. 42 and 43.—Schematic diagrams of differential protection for three-winding 

transformers. 


On the other hand, if these current transformers are placed 
within the delta of the tertiary winding, two alternatives are 
available. The first method is to connect the current trans¬ 



formers in delta the same as is done on the two star-connected 
transformer windings. A second metl\od, more commonly used, 
is to connect all the current transformers in star, as shown in 
Fig. 43. For cases where the current transformers are not in 
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exact inverse ratio to the voltage ratio of the transformer wind- 
it is necessary to use current-balance autotransformers. 
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Fig. 46.—Differential protection of three-winding delta transformer (one Y 
winding connected to most permanent source) using three percentage-differential 
relays. 


A special case of three-winding differential protection for a delta-7- 
zigzag transformer is shown in Fig. 44. 

It is not essential in all cases to use a four-element ratio-differ¬ 
ential relay for three-winding transformers, provided a careful 
study of short-circuit current values is made. If the proper 
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connections are not made when three-element relays are used, 
it is possible to get a condition where the ratio-differential relay 
acts merely as an overcurrent relay. This is illustrated in Figs. 
45 and 46. 
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Fia. 46.—Differential protection of three-winding Y-Y-delta transformer (delta 
winding connected to most permanent source) using three percentage-differential 
relaya 


Protection of Regulating Transformers.—When tap-changing 
equipment is provided to operate taps on the winding of a power 
transformer^ this equipment may be included within the main- 
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transformer differential protection if a percentage-differential 
type of relay is used. There are, however, many installations of 
tap changing under load equipment using a separate regulating 
transformer having a kilovolt-ampere rating of 10 or 20 per cent 
of that of the main transformer bank. The overall differential 
protection will therefore not give sensitive protection against 
faults within the regulating transformer. 



Fio. 47.—Percentage-differential relay connections for the protection of a regulat¬ 
ing transformer. 


In Fig. 47 is shown a scheme of connections wherein the current 
flowing into the exciting winding of the regulating transformer is 
balanced against the current flowing through the primary con¬ 
nections of the power transformer. This is accomplished by 
connecting the operating coil of a percentage-differential relay to 
the exciting wining and the restraining coil of this relay to the 
primary leads. The coils of the relay are so proportioned that a 
tripping action occurs when the current in the operating coil is 
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50 per cent greater than that in the restraining coil. The relay 
will receive no current from the exciting winding of the regulating 
transformer when this winding is in the zero buck or boost posi¬ 
tion, but any current up to full load of the exciting winding will 
flow when set for buck or boost position. The percentage- 
differential feature of the relay prevents operation of the relay 
for through faults while the regulating transformer is in the 
maximum buck or boost position. In order to take care of 
inrush currents at the time the transformer is placed on the line, 
it is common practice to adjust the relay to operate when one and 
one-half to two times full-load current of the exciting winding 
flows in the operating coil of the relay when there is no current 
present in the restraining element. 

It is also necessary to use an additional current-differential 
relay for the overall transformer protection. These currents 
will differ by a percentage depending upon the position of the 
regulating unit. Any faults to ground in the series winding will 
be detected by this protection where no operation would be had 
from the relays in the exciting winding if the unit happened to 
be on a zero or very low percentage position. 

Inrush Current When Transformer Bank Is Energized.—If a 
50 per cent slope-ratio differential-induction type relay is used 
and the contacts set with larger than normal gap, it will usually 
be found that any difficulty due to the energizing of one winding 
of the transformer bank (as is the case when being cut into serv¬ 
ice) and its resultant large inrush current will be overcome by 
the inherent time lag in the relay. This time lag is not serious 
because if a fault should develop at the time the bank is energized, 
the short-circuit current will speed up the relay appreciably and 
minimize the damage due to the short circuit. 

Later in this chapter it is shown that when high-speed differen¬ 
tial protection is used (applied to those systems where stability 
demands high-speed relaying of lines and equipment), it is 
necessary to add desensitizing relays to prevent the differential 
relays from operating during the first inrush. In very special 
cases where the induction normal-speed type of differential relay 
is subject to tripping with completely open contact gap, desensi¬ 
tizing equipment can be added. This may be particularly the 
case with certain three-winding transformers protected with the 
four-element relay. 
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PROTECTION OF GENERATORS AND ROTATING APPARATUS 

The protection of generators and other rotating apparatus is as 
important as that of transformers and is similar to the protection 
of transformers in a number of respects. Sustained overloads 
and excessive temperatures can usually best be taken care of by 
the switchboard operator. Internal-winding faults, however, 
should cause the apparatus to be disconnected from the line as 
quickly as possible. Winding faults in generators, as in trans¬ 
formers, may be classified as phase-to-phase short circuits, 
short-circuited turns, open circuits, and grounds. Armature 
failures usually start as a ground on one of the phase windings 
and quickly develop into one or more of the other types of faults, 
if the generator is not disconnected promptly. Serious fire and 
damage to the unit will result, if the machine is not disconnected 
during the very inception of the fault. 

In order to obtain the most effective differential protection 
the neutral of the generator should be grounded either solidly or 
through a resistance. Reactance grounding is also sometimes 
used. Where a number of generators at one station, are oper¬ 
ated in parallel, provision is usually made for the grounding of 
any one generator of the group. 

In order to get as much ground current as possible for oper¬ 
ating the relays, it is preferable to ground the neutral solidly. 
However, there are other considerations which determine whether 
the ground should be solid or through resistance. Increasing 
the amount of ground resistance will, of course, reduce the mag¬ 
nitude of the short-circuit current and will tend to keep the volt¬ 
age from dropping to a low value and thus assist in preventing 
synchronous machines from dropping out of step. If feeders are 
connected directly to the generator bus without intervening 
transformers, a resistor ground should be used to eliminate the 
‘^bump’* on the generators during feeder-line-to-ground faults. 

On generators that are not grounded at all, differential protec¬ 
tion is limited in its value, as an internal fault to ground must be 
sufficiently severe to develop into a phase-to-phase fault before 
the differential relays will operate. The possibility of damage to 
the machine is, therefore, increased. Also, at the time of a 
ground fault, an ungrounded generator may be subjected to 
considerable voltage stress due to the flow of unbalanced charging 
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current and this voltage stress may cause a phase-to-phase 
flashover. 

In order to protect the generators satisfactorily, the differential 
protection should meet the following requirements: 

1. It must be sensitive to failures in the generator armature winding and 
not affected by short circuits outside of the machine. 

2. It must function rapidly so as to disconnect the generator before 
serious damage can result. 

3. It must be arranged to trip out the main breaker, neutral breaker, field 
circuit breaker, and, in the majority of cases, it should trip the emergency 
steam valve. 

Overcurrent Relays for Generator-differential Protection.— 

Overcurrent relays have been used for differential protection of 
generators for many years. A sche¬ 
matic diagram of this connection is 
given in Fig. 48, the protection being 
shown for only one phase, as that for 
the other phases is similar. This form 
of protection consists of balancing the 
current entering the apparatus against 

the current flowing from it and is accom- 48.—Schematic dia- 

, . gram of ovcrcurrent-dmer- 

plished by connecting a current trans- entiai protection applied to 

former at each end of each phase ^ three-phase 

winding. The secondaries of each pair 

of current transformers are connected in series, and the over¬ 
current relay is connected across these secondaries. 

Even though identical wound-type current transformers are 
used on each end of the generator winding there is normally a 
small current flowing through the relay. This current may be 
due to minor variations in the current-transformer ratio curves 
and to differences in the loadings of the current-transformer 
secondaries. Unequal loading may be caused by unequal lengths 
of leads to the relay, or by additional relay or meter load in series 
with one of the current transformers and not the other. Though 
normally small, this current through the relay may become 
appreciable during a through short circuit. In order to prevent 
the relays from operating under through-fault conditions, it is 
necessary to raise the operating poi^t.of the relay. This obvi¬ 
ously reduces the sensitivity of the scheme and requires more 
current and a longer time for the relays to respond. 
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Th0 Generator-type Percentage-differential Relay. —The gen¬ 
erator-type percentage-differential relay can be set to operate on 
internal-fault currents as low as 2.5 per cent of the smaller 
secondary current. It is usual practice to set the relay on the 
basis of 5 or 10 per cent slope rather than 2.5 per cent in order 
to preclude any possibility of the relay tripping on heavy over¬ 
loads or system faults. 

In Fig. 49 is shown a schematic diagram of connections of a 
single-phase percentage-differential relay applied, for simplicity’s 



Fio. 49.—Schematic diagram of percentage-differential relay connections, for 
simplicity of illustration, applied to one phase of a three-phase generator. 

sake, to but one phase of a generator winding. Under normal 
conditions current passes through the current transformers, 
through coils 2 and 3 in series, and back to the current trans¬ 
formers. The currents in the sum coils 2 and 3 are additive and 
produce an opening torque. When the secondary currents from 
the current transformers become unbalanced due to an internal 
fault in the protected apparatus, or to inherent differences in 
current transformers and differences in secondary-current- 
transformer loading, the differential current must pass through 
coil 1 to the common junction of the current-transformer second¬ 
aries. Coil 1 is the operating wipding and produces, a torque 
in the closing direction of the contacts. 
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In Figs. 50 and 61 are shown the characteristics of the gen¬ 
erator-type differential relay shown in Fig. 49 for through faults 
(current in the same direction in the sum coils). Figure 61 gives 



Curves show ^he operoh'ngchar-V 
acf^nsitcs of the relay on oiH taps [ 
wilh the currenfs in fhe two sum 
_ coils (coils No. 2 and No. 3) in the _ 
same direcfion 


6 8 ^0 
Amperes in Coil No.2 

Fio. 50. 



Fio. 51. 

Figs. 50 and 61.—Characteristic curves generator-differential relay with restrain¬ 
ing coil currents in the same direction. 

the through-fault characteristics drawn to a scale so that short- 
circuit conditions can be readily checked. The relays are inoper¬ 
ative for points which are included in,the envelope for a given 
tap setting. A given percentage of unbalance is required to 
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operate the relay rather than a given current. As the current in 
the sum coil increases, the opening torque increases, requiring 
more current in the difference coil to operate the relay. 
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Flos. 52 and 53.—Operating curves of generator-differential relay with restrain¬ 
ing coil currents in opposite directions. 

In Fig. 52 the operating characteristics of the generator-tsrpe 
differential relay (Fig. 49) are ^hown with mm coil currents 
in opposite directions (as in the .case of an internal fault in the 
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machine). The time-current characteristics of the generator- 
differential relay (Fig. 49) are given in Fig. 63. 

'J A second tjrpe three-phase induction-type percentage-differen¬ 
tial relay is available. This relay comprises three mechanically 
separate units in a common case. Each unit has two shaded- 
pole driving magnets acting on an induction disk. One of 
these, the operating magnet, drives the disk in the contact-closing 
direction, and the other, the restraining magnet, drives the disk 
in the contact-opening direction. 



Fio. 64.—Schematic diagram of three-phase induction-type percentage-differ¬ 
ential relay connections for generator protection. 


The operating and restraining coils of each unit of the three- 
phase percentage-differential generator-type relay are connected, 
as shown in Fig. 64. These current transformers are selected 
so that equal secondary currents flow on an external fault, making 
the relay inoperative under such conditions. Figure 55 gives 
the operating characteristics of the three-phase relay. 

The protective scheme is shown in detail in Fig. 56 for a star- 
connected generator and applies whether the neutral is grounded 
or ungrounded. Each winding is protected separately for phase- 
to-ground and phase-to-phase faults, the current in the neutral 
end of a winding being balanced against that at the line end. 
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Rcsfroiining Current 

Fio. 66.—Operating charaoteristics of relay shown in Pig. 64. 
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Fio. 66.—Complete wiring connections of generator differential protection. 
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K the machine neutral is ungrounded, it will still be protected for 
ground faults if the neutral is grounded elsewhere. 

Similar protection for a delta-connected generator is shown in 
Fig. 67, except that the tripping circuits are not shown in detail. 
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Figs. 57 and 58.—Differential protection delta-connected generators. 

Again each phase winding is independently protected by 
balancing, in a ratio-differential relay, the currents in the two 
ends of a winding. With this scheme of connection for delta-> 
connected generators, protection is obtained for phase-to-phas^^ 
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faults and also for ground faults between the winding and frame, 
if both the frame and system neutral are grounded. 

Similar protection for a delta-connected generator, where 
it is also desired to protect the generator leads to the station bus 
with the same relays, is shown in Fig. 68. It should be noted 
that this scheme requires a total of nine current transformers 
for a three-phase generator. The current from one lead to the 
bus is balanced in the ratio-differential relay against the resultant 


. -.1- ' . 


I 

X 

\Disconriecting 

switch AAA/^VS/J 



firm exi^onsourct 


Ai/xf/u 

jwifch 



Auxiliary 
^ re/ay 


Directional 
oxercurrent 
^relays trip 
for power flow 
toward generator 


Auxiliary iTripcoH 
switch **-=^“* 


} Disconnecting 
jyvitcif 

1 Neutral breaker 
1 when supplied 

ETT Oroundbus 


Fig. 69.—Differential protection of generator with only one neutral lead brought 

out. 


current at the farther ends of the two windings which are con¬ 
nected to that particular lead to the bus. 

In case only one neutral lead is brought outside the frame of a 
star-connected generator, the protective scheme shown in 
Fig. 59 may be used. The vector sum of the line phase currents 
is known as the residual line current, and it will be noted that 
this is balanced in the ratio-differential relay against the neutral 
current. Any internal fault to grpund will cause a neutral 
current to flow, and, providing the system is grounded elsewhere, 
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a residual line current will flow in the opposite direction. Either 
or both of these currents may operate the differential relay. 
However, phase-to-phase faults which do not involve the frame 
will not set up any neutral or any residual line current and 
hence will not operate the differential relay. In case there are 
other machines in parallel which will feed power back into the 



Fig. 60.—Combined generator and transformer differential protection. 


fault, phase-to-phase faults may be detected by adding directional 
overcurrent relays, as shown. 

A diagram of connections for differential protection of genera¬ 
tors and transformers using one set of transformer-type ratio- 
differential relays, one set of generator ratio-differential relays 
and three sets of current transformers is shown in Fig. 60. By 
this means, differential protection is given to the generator wind¬ 
ings, generator leads, transformer windings, transformer bush¬ 
ings, transformer leads, and circuit-breaker bushings. In case 
very sensitive protection of the generator is desired, this scheme 
can be modified by using double secondary current transformers 
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in the generator neutral, thus separating the connections of the 
two sets of relays. 

Parallel-winding Generators. —In machines of recent design, 
it has sometimes been found advantageous to connect each 
phase winding in two or more parallel paths. This arrangement 
has made it possible to protect against all types of internal 
faults, including open circuits in the windings and short-circuited 
turns, by a combination of the so-called ‘‘split-conductor'' 
protective scheme and the differential scheme. 

A diagram of connections of this combination is shown in 
Fig. 61. One set of ratio-differential relays is arranged to 
operate on a predetermined unbalance between the opposite 
ends of each combined phase winding, just as described for the 
simple differential scheme. The split-conductor protective 
scheme consists of an additional set of ratio-differential relays 
connected to operate on an unbalance between any of the two 
parallel branches. Any fault such as an open circuit, or short- 
circuited turns in one winding which produces an unbalance 
between the current in the two parallel windings, will cause this 
second set of relays to close their contacts. Nine leads are 
required for the application of this method. 

A simplified form of the parallel-winding method of protection, 
shown in Fig. 62, may be used where the extreme sensitivity 
of the more complicated scheme is not justified and where all 
twelve leads are brought out of the machine. The number of 
relays and current transformers is reduced by the use of the 
simplified form to the number required for the ordinary differen¬ 
tial scheme, and, at the same time, protection against all types of 
internal faults is secured. 

The disadvantage of this scheme lies in that it is difficult 
to build a machine without certain differences between the two 
parallel paths, thus causing a slight unbalance between the 
currents in the two windings. This unbalance, added to that 
caused by the slight discrepancies between the current trans¬ 
formers, particularly on heavy through faults, makes it impossible 
for the relays to be set to operate as sensitively as for the simple 
differential scheme. As a result, sensitivity is reduced for 
phase-to-ground and phase-to-phase faults. 

In Fig. 63 is shown a scheme of protection which gives a single, 
overall, all-differential scheme and yet includes partial split- 
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conductor protection. In large water-wheel generators, there 
may be 8 to 10 parallel paths per phase. The complications of 




Figs. 61 and 62.—Differential protection of parallel-winding generators. 


complete split-conductor protection applied to so many parallel 
paths is imwarranted. One of the requirements of this scheme 
is that at zero load on the generator the circulating current 
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between the two groups of any one phase must be reduced to a 
value well below the pick-up current of the relay. This can be 
accomplished by grouping alternate circuits of any one phase 
together so that the circuits of any one group are evenly dis¬ 
tributed around the stator. 



Neutral 

breaker 


Fio. 63.—Differential protection of generator with four or more parallel paths 
per phase (brought out in two groups per phase) particularly adaptable to large 
water-wheel generators. 


Grounding-bank Method.^—Since a high percentage of elec¬ 
trical failures in generators are phase-to-ground faults rather 
than phase-to-phase faults, it is important that adequate protec¬ 
tion be provided against ground faults. Differential protection 
may clear the machine from the line in case of a ground fault, 
but, if the generator neutral remains externally grounded, there 
is a possibility of damage to the machine after the line breaker 
and field breaker have opened. Unless a neutral breaker is 
opened, residual magnetism in the field may maintain suflBicient 


* Hitnt, Lloyd F., Minimizing Fault Damage Within Generators,” Elec. 
World, Dec. 28, 1929. 
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voltage to produce an arc and perhaps cause serious damage to 
the machine. 

In Fig. 64 is shown a system of protection which makes it 
unnecessary to ground the generator neutral and thereby elimi¬ 
nates the necessity of providing a generator-neutral circuit 
breaker. This method takes advantage of the ground current 
flowing from a grounding bank. It may be seen from Fig. 65 
that the neutral of the grounding bank is the only point grounded, 
the generator neutral being ungrounded. The size of the 
grounding bank is determined by the setting of differential 


3 7 1 



Fig. 64.—Differential protection with grounding transformer for establishing 

neutral. 

relays. The purpose of the grounding bank, besides establishing 
a neutral-to-ground potential, is to cause sufficient ground 
current to flow in a phase-to-ground fault to trip differential 
relays. A low-current-range ground relay is added to the 
transformer-differential protection in order to make this protec¬ 
tion more sensitive to ground faults. 

The probability of ground failure in the machine near the 
neutral end of the winding is so small that a compromise on 
the size of the grounding bank must be made. Since it is 
possible that a ground may occur in the winding of the generator, 
at a voltage so low as to cause insufficient current to flow for 
tripping the differential relays and yet cause enough current 
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to flow to damage the grounding bank, it is necessary to equip 
the grounding bank with a neutral oil switch operated from a 
thermal relay or a special long-time overcurrent relay. 

The grounding bank should be connected solidly to the 
transformer bus at a point inside the differential protection. 
When the generator and transformer bank are operated as a 
unit a ground-fault current flowing in the generator would also 
flow in the neutral relay of the transformer-differential protection. 
Therefore, if it seems desirable to keep the transformer on 
the line when a fault occurs in the generator, the ground relay 
could be set a little longer in time so as to allow the generator 
to clear. This will cause some little additional damage to the 
generator, but the ground currents are limited by the relatively 
small size of the grounding bank so that the damage should not 
be great. In the case of two generators feeding one transformer 
bank, this additional time given the ground relay is highly 
necessary. 

Should this method be employed when distribution circuits 
are taken off the generator bus, it is necessary to connect the 
grounding bank on the bus. The feeders also should be equipped 
with a sensitive ground relay. 

Ground-detector Method.^—Instead of installing a grounding 
transformer bank as shown in Fig. 64, it is possible to use poten¬ 
tial transformers connected Y-delta with a relay connected in the 
secondary delta with contacts wired to a bell alarm. If cal¬ 
culations indicate that arcing grounds are likely to occur with 
only potential transformers connected to groimd, three 2.6-kva. 
transformers can be used. A resistor can be connected within 
the secondary delta to limit the ground current so that not more 
than fuU-load current can be delivered by the bank. 

Should a ground occur on the generator bus or on the low 
side of the transformer, the ground detector gives an audible 
signal. When generator and transformers are operated as a unit, 
the trouble could be in the generator, transformers, or bus. 
Immediately upon getting a signal of a grounded condition, the 
operator shifts the load to another machine and drops the machine 
apparently in trouble from the bus. The ground detector then 
indicates whether the trouble is in the machine, on the bus, or in 
the transformers. Then, by dropping the transformer bank 

» Hunt, Llotd P., op. eU, 
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and picking up the bus with the machine, the trouble can be 
definitely located. 

In either the grounding-bank method or the ground-detector 
method, the conventional schemes of phase-to-phase differential 
protection are required. 

High-speed Differential Protection. —With the increasing 
use of high-speed relays and oil circuit breakers for transmission¬ 
line protection, it becomes essential also to provide high-speed 
transformer and generator protection and, in many cases, high¬ 
speed bus protection. For instance, if high-speed fault-clearing 
equipment such as high-speed distance i jlays and high-speed 
breakers are used on a transmission line, a l^ushing flashover or 
an internal fault occurring in a power transformer would cause 
the relays at the far end of the adjacent transmission line to 
function on the timed element, and, unless the transformer can 
be disconnected in approximately the same time as a line fault 
in the instantaneous zone of the line relays, the time of the line 
relays must be materially increased. It is evident that the 
speed of clearing line faults over part of the line section must 
be slowed up to accommodate selection with the transformer- 
differential protection. 

On transmission and interconnection developments comprising 
large hydroelectric stations transmitting power over 200 to 
300 miles of transmission line and interconnecting with steam and 
hydro power at load centers, stability limitations require that 
high-speed differential protection be applied to generators, 
transformers, and buses. Carrier-current pilot-wire relaying, 
high-speed distance relaying, and high-speed balance relaying, 
operating in conjunction with circuit breakers operating in a 
time as low as three cycles, are being considered for such installa¬ 
tions. High-speed differential protection of equipment must 
therefore go hand in hand with high-speed rela3ring of trans¬ 
mission lines. 

There are many existing installations of high-speed trans¬ 
mission-line relaying which should be made complete by adding 
high-speed apparatus protection, thereby getting material 
benefits in continuity of service from a stability standpoint 
and considerably reducing the damage to the apparatus. 

High-speed Differential Relays—^Principles of Operation.— 
This type of relay employs the same percentage-differential 
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principle as is used in the slower speed-induction type. That is, 
the differential current required to cause operation is always a 
constant percentage of the current entering or leaving the 
winding being protected. This means that the relay is insensi¬ 
tive to the unbalance caused by current-transformer errors 
on heavy through faults but, nevertheless, gives sensitive pro¬ 
tection for faults within the apparatus. 

Figures 65 and 66 show the schematic connections of the 
generator and transformer relays, respectively. Windings 1 
and 2 are the restraining coils, and, for balanced conditions, 
current flows through these two coils and produces a torque 



Fia. 66.—Schematic connections Fig. 66.—Schematic connections of 
of high-speed generator-differential high-speed transformer-differential 
relay. relay. 


which prevents the contacts from closing. During unbalanced 
conditions, the difference of the two currents flows through 
coil 3 which operates to close the tripping contacts. In Fig. 66 
taps are arranged in coils 2 and 3 so that normally unbalanced 
currents can be balanced without the use of external autobalance 
current transformers. 

This relay is of the three-phase type, employing three balanced 
beam-operating elements somewhat similar to the impedance 
elements used in the high-speed distance relay. The two 
restraining or sum coils are wound on one electromagnet and 
exert a force on the steel beam in a direction to open the contacts. 
The operating or difference coil is wound on the second electro¬ 
magnet and exerts a pull on the other end of the beam, and 
when its force overcomes the restraining force, the contacts 
close. 

The transfohner-type high-speed percentage-differential relay 
can be obtained with a flxed percentage differential of 25 or of 
60 per cent. There are available, in one type of relay, internal 
autobalancing taps. The genebrator type is available with a 
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percentage slope of 6, 10, 15, or 20 per cent. One t 3 rpe of relay 
includes taps for all four characteristics. The minimum pick-up 
for generator protection can be made as low as 0.1 amp. 

When a transformer is first energized, a rush of magnetizing 
current flows which may be several times the full load current 
of the transformer. This transient decreases quite rapidly during 
the first few cycles and then it decreases more gradually, until 
finally it reaches the normal value of the magnetizing current. 
If the transformer is not carrying an appreciable load current, 
this magnetizing current produces an unbalance in the differential 
relay. With the slower speed induction relays, tripping on the 
first high magnetizing rush is prevented because the magnetizing 
current will generally drop below the operating point of the 
relay before it has had time to operate. However, with high¬ 
speed relays operating in less than one cycle, the differential 
element can nearly always be expected to operate when the 
transformer is energized. 

There are two principles which can be used as the basis for 
preventing tripping of breakers due to the trai)??ient inrush. 
The first makes use of voltage-restraining coils connected in 
multiple and energized through a normally closed contact of a 
time delay, opening and closing voltage relay. Excitation of 
these restraining coils raises the minimum operating value of 
each differential relay unit from 2 up to 8 amp. The second 
method for preventing trip-out due to transient inrush currents 
makes use of voltage and current synchronous timers, with 
contacts in series with the main differential-relay contacts. 

In the voltage-restraint relay the auxiliary-voltage time 
delay is energized when the transformer is energized. The 
auxiliary-relay contact is normally closed but, due to its time- 
delay feature, the contacts do not open instantaneously. This 
feature permits the voltage-restraining coils to remain energized 
during the momentary inrush of magnetizing current,to the 
transformer. After a short time delay the auxiliary-relay 
contacts open, cutting off the voltage restraint. The relay is 
then ready to function as a straight current differential relay. 

Figure 67 gives the characteristics of a high-speed percentage- 
differential relay for transformer protection using the voltage- 
restraint principle. The upper curve gives the insensitive 
operating characteristics and the lower curve the sensitive 
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characteristics. Figure 68 is a time^urrent characteristic curve 
and indicates that the relay operates in to 1 cycle depending 
upon the operating current. For certain transformers it may be 
necessary to use a relay having a more insensitive setting than 
shown in Fig. 67. The ampere pick-up of the insensitive setting 
should not be so high that it will not adequately protect the 
transformer in case the voltage is too low to open the contacts of 



Restraining Current in Amperes 


Fia. 67. 



Operating Current in Miperes 
Fig. 68. 

Flos. 67 and 68.—Characteristic curves of high-speed differential relay using 
voltage-restraint principle. 

the auxiliary relay. A schematic internal diagram is given in 
Fig 69. 

A second type of percentage unbalance relay makes use of 
a synchronous timer and three instantaneous voltage-relay 
elements with front and back contacts all mounted in the differen¬ 
tial-relay case. The instantaneous voltage-relay elements with 
normal voltage applied will open their back contacts before 
differential contacts can close on magnetizing-current rush. 
Befer to Fig. 70. The timer ii^ adjusted so that it will not 
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close its contact before differential-relay contacts reset, following 
subsidence of magnetizing current. Also, timer on drop-out 
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Fig. 69.—Schematic internal diagram of high-speed differential relay with 
characteristics as shown in Figs. 67 and 68. 


should not open its contact before voltage relays travel from 
opening of front to closing of back contacts. Drop-out of 



voltage relays should be above droj^out voltage of timer unless 
timer is made direct-current operated. 




336 RELAY SYSTEMS-^THEORY AND APPLICATION 


On magnetizing of transformer bank, differential relay cannot 
trip until timer closes. Transformer faults are tripped without 
time delay. Closing in on severe transformer fault trips without 
time delay. In the case of a magnetizing surge following clearing 
of external fault, the timer inserts time delay depending on how 
far it has reset. Full time delay is not necessary as through 
current causes restraint. 

Figure 70 is illustrative of one system of relay connections 
and may be varied for different applications. On voltages of 
220 kv. and higher, consideration should be given to the time 
difference in the establishment of current in the various phases 
when the circuit breaker closes the circuit. A further difference 
may be produced by the individual voltage elements due to the 
voltage of all three phases not reaching a maximum at the same 
time. Also, magnetizing inrushes may occur during the clearing 
of an external fault. However, the proper arrangement of 
timers and voltage elements is available to take care of any 
particular application. 

Bus-differential Protection.—^Bus-differential protection is 
based upon the same principles as generator- and transformer- 
differential protection. Incoming power to the bus is balanced 
against outgoing power. A fault within the differential unbal¬ 
ances the system, and current flows in the operating coil of a 
relay which in turn trips the circuit breakers. 

There may be many circuits connected to the bus which 
necessarily requires the paralleling of a number of current- 
transformer secondaries. In the past, secondary short-circuiting 
auxiliary switches have been used in order to minimize circulating 
current within the differential due to leakage through dead 
bushing-type current-transformer secondaries on line switches 
out of service. However, it has been found that the use of 
secondary short-circuiting auxiliary switches presents more 
hazard than their omission. In bus-differential schemes involv¬ 
ing bushing-type current transformers, six to eight secondaries 
can usually be paralleled without difficulty. For such schemes 
standard overcurrent relays will work to better advantage than 
will differential relays. A typical bus-differential scheme using 
standard overcurrent relays is shown in Fig. 71. 

A fault on one section of the high-tension bus (Fig. 71) will 
clear circuit breakers 6, 7, and a, flbid a fault on the other section 
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will clear 7, 8, and d. Differential-relay protection of the 
transformers is also shown in Fig. 71. A fault in one transformer 
will clear a and b and in the other transformer will clear d and e. 
If it is important from a system-relay-selectivity standpoint, and 
for purposes of continuity of service at an important substation, 
to isolate low-tension bus faults quickly, low-voltage bus- 
differential protection, not shown, can be applied in the same 
way as shown for the high-tension bus in Fig. 71. If such low- 
tension bus protection is applied, a fault on one section of the 
low-tension bus will clear the bus-tie breaker, as well as the feeder 
breaker and the low-tension transformer breaker on that section. 



rekv 

Fig. 71.—Typical scheme of connections for bus-differential protection of 
important substation. 

Any fault which may occur in the substation will be isolated by 
clearing the proper circuit breakers, and only the faulty section 
will be removed from service. It will be noted that each circuit 
breaker is included in two differential loops to insure that circuit- 
breaker bushing flashovers or trouble inside the breaker will be 
properly cleared. 

For generating-station bus protection, percentage-differential 
relays can be used to advantage, as shown in Fig. 72. The 
current transformers can all be of the wound type which inher¬ 
ently have high impedance with primary side open. The 
current-transformer secondaries from the feeders on the outgoing 
side of the bus are connected in parallel with each other and 
then through the percentage-differential relay to the current- 
transformer secondaries from the circuits on the incoming 
or generator side of the bus, which are also in parallel with each 
other. For most conditions of external faults, this relay has 
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an added advantage over plain overcurrent relays, due to the 
restraining effect of the through short-circuit current, which 
raises the amount of differential current required to operate the 
relay. Under the worst conditions the relay is reduced to the 
same sensitivity as a plain differentially connected overcurrent 
relay. It is advisable that the overcurrent setting be approxi¬ 
mately the same as would be used for the plain overcurrent relay 



when used in a differential scheme of connections. The trans¬ 
former-type percentage balance relay is best suited for the three 
line differential relays. 

Bus Protection for Ground Faults Only.—In many cases it is 
impractical to install differential bus protection for phase-to- 
phase and three-phase bus faults. The number of current trans¬ 
formers and interconnections of secondaries required makes it 
doubtful in many instances if th^ expense for complete phase 
jurotection is justified. Furthermore, it must be recognized 
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that the large number of cross connections for complete phase 
protection gives a possible source of trouble. An incorrect 
operation is serious in that a complete bus section will be isolated 
unnecessarily and a large block of power dropped. In such 
cases a bus-differential scheme for ground faults only can be 
installed at a small cost and with a minimiim of cross connections 
as shown in Fig. 73. 



Fiq. 73.—Differential bus protection for ground faults only. The current 
transformers shown are low-voltage, low-burden, current transformers con¬ 
nected in the neutral circuits of the main high-voltage bushing-type current 
transformers. 

In Fig. 73 there are four main line breakers, one bus-tie 
breaker, and eight feeder circuits. The simplest means of 
effecting this protection is to connect an auxiliary current 
transformer in the secondary neutral of the bushing-type current 
transformers of each circuit. The secondaries of the auxiliary 
current transformers are differentially connected through the 
restraining coils of a four-element percentage-differential relay 
as in Fig. 73. 

It is important to give careful study to the saturating ctuus 
acteristics of the current transformers, both main and auxiliary. 
A balance must be reached betweeh the volt-ampere burden 
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imposed on the main current transformers and the saturating 
characteristics of the auxiliary transformer. The greater 
amount of iron and ampere turns required for a non-saturating 
auxiliary transformer will impose a relatively high burden on the 
main transformers and hence tend to break down the ratio of the 
main current transformers. 

The main current transformers will have different ratios, but 
this can be compensated for by using auxiliary-current-trans- 
former ratios which will give the proper balance. Special 
ratio auxiliary current transformers are not costly, and, in fact, 
ratio taps of plus and minus 10 per cent can be added at a cost 
of little more than standard transformers. The auxiliary current 
transformers can be built with a low-voltage primary winding, 
thus obtaining as low a volt-ampere burden as possible, yet 
having ratio curves on overcurrent better than standard 25-volt- 
amp., 4500-volt current transformers. This better ratio is 
due to the closer coupling of the windings resulting from the 
decrease in insulation. This burden can be made less than 
10 volt-amp. 

Fault-bus Scheme.^ —^This scheme involves merely the placing 
of well-grounded buses in the vicinity of the phase conductors 
of the buses and connecting these grounded buses to the metal 
supporting and shielding parts of the switches and circuit 
breakers. Each ground, or fault bus, is connected separately 
through a current transformer to ground. The current trans¬ 
former energizes an overcurrent relay, which trips the breaker 
on that section of bus. This type of protection is particularly 
well adapted to isolated phase stations. It requires that the 
breaker framework, disconnects, switch bases, bus supports, 
and also the auxiliary fault bus be well insulated from the 
building steel, because of the need of eliminating parallel paths 
to ground, which may cause incorrect operation of the relays. 
Figure 74 shows a typical installation. Its disadvantages are 
first, the added cost of fault buses and, second, the high cost of 
insulation of metal parts from building steel. 

Overspeed Protection of Generators. —In addition to differen¬ 
tial protection of generators, it is desirable to provide overspeed 
protection. This is usually obtained by the use of a centrifugal 
switch mounted on the end of the generator shaft. This switch 

^NELA, ** Handbook,” Supplement^ p. 1169. 
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consists of a weighted lever which is forced outward by centrifugal 
force and restrained *by a spring. When the generator has 
reached a certain speed, the outward movement of the lever 
causes a contact to be closed. The generator speed at which 
these contacts close may be adjusted by changing the tension 
of the spring. 

Generator-field Protection.—Protection against failure of the 
generator-field winding or against loss of field for any cause is 



usually not considered justifiable. Failure of the field winding 
is of infrequent occurrence due to the low voltage applied, 
and even when it does occur it does not ordinarily communicate 
itself to the high-voltage winding on the armature. Further¬ 
more, a comparatively complicated scheme is required to secure 
adequate protection against field failure, some form of overcurrent 
relay and automatic field switch being necessary. The introduc¬ 
tion of such devices is likely to interfere with normal operating 
conditions due to incorrect or false tripping, thus needlessly 
dropping the load at a time which may prove highly embarrassing. 

For large generators it is desirable to have an alarm and 
annunciator indication for ‘‘loss of field'' so that the operator 
will know definitely that a generator has an open field. 
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MOTOR PROTECTION! 

Protection of motors serves three main purposes: protection 
against damage to the motor windings, protection to the system 
to which the motor is connected, and protection to the equipment 
operated by the motor. 

In case all six leads are brought out of a motor, sensitive 
protection for internal faults can be easily provided by the 
differential-relay scheme. However, there is a large class of 
motors in which the six leads are not brought out and hence 
require some other form of protection. An economic balance 
between protection investment cost and relative importance of the 
motor must be determined and protection supplied accordingly. 

If straight overcurrent relays are used with this latter class 
of motors, the relays must be given high settings in order to 
prevent their operating during the starting period of the motor. 
Any mechanical arrangement to short-circuit the overcurrent 
relays automatically during this period has the disadvantage 
that there is no protection on the motor during starting, and any 
mechanical shunting of relays is likely to give trouble and usually 
occurs at the time the protection is most needed. 

In cases where it is considered satisfactory to provide only 
short-circuit protection and long-time-delay overload protection, 
the scheme shown in Fig. 75 may be applied. The relays are 
special 40-sec. overcurrent relays of the geared type to take care 
of the overload protection and have in addition an instantaneous 

!Space does not permit covering the subject of “Motor Protection” 
completely. Only the case of large motors and higher voltages is here 
considered. For smaller motors and lower voltages, thermally operated, 
totally enclosed, panel-mounted, air-break circuit breakers are now available 
in ratings up to 600 amp., 600 volts alternating current, 250 volts direct 
current. This circuit breaker is also equipped with an instantaneous trip 
device for short-circuit protection. These breakers are now being generally 
applied to 440-volt power plant, station-service, auxiliary-motor circuits, 
and industrial-plant motor circuits. Interrupting capacities are available 
up to 20,000 amp. Certain small motors may require industrial-type 
thermally operated motor starters, backed up by the thermal and instantane¬ 
ous short-circuit trip breakers described above. These same back-up 
breakers can be supplied with shunt trip coils and overcurrent induction 
relays where it is desirable to have several breakers operate selectively. 
Published manufacturers’ data are avfjdlable giving the complete details of 
these circuit breakers. 
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element which is mounted within the relay to take care of short- 
circuit protection. The long-time feature of the geared induction 
element provides a method of giving the relay a relatively low 
overcurrent setting which will not operate during the starting 
period of the motor. The 40-sec. overcurrent element can be 
connected as shown in the internal-wiring diagram, Fig. 76, 
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Figs. 76 and 76.—Motor protection using special 40-sec. overcurrent relays and 
instantaneous short-circuit trip. 


to trip the breaker and ring an alarm; or, by removing the cross- 
hatched connection, this element will merely ring the alarm. 
The short-circuit instantaneous element should, of course, trip 
the breaker. 

In cases where the normal load current of the motor is high, 
so that the instantaneous short-circuit element must have a 
high current rating, it is desirable to use separate instantaneous 
overcurrent relays, as shown in Fig, 76. An internal-wiring 
diagram of the geared 40-sec. relay without an instantaneous 












844 RELAY SYSTEMS—THEORY AND APPLICATION 


eluent is shown in Fig. 76. This scheme gives protection which 
is identical with that outlined for Fig. 76. Where it is desired to 
simply give an alarm in case of sustained overload, the cross- 
hatched connection shown in Fig. 76 should be removed. 

In addition to instantaneous short-circuit protection and long¬ 
time-delay overload protection, it is often necessary to provide 

protection to the equipment oper¬ 
ated by the motor. A connection 
is given in Fig. 77 which supplies 
all three of these forms. The 
phase-balance relay is designed to 
protect polyphase motors from 
operating under conditions of 
polyphase unbalance, open phase 
or reverse phase. The protection 
against reverse phase will elimi¬ 
nate the possibility of damage to 
the equipment connected to the 
motor due to incorrect connec¬ 
tions at the motor. 

Undervoltage Time-delay Protection for Motors.—It is 
generally recognized that, if undervoltage protection is applied 
to motors, it should be of the time-delay type; otherwise, motors 
will be dropping out unnecessarily on the occurrence of voltage 
changes which are of too short duration to affect the operation 
of the motor. 



Fio. 77.—Motor protection using 
special 40-sec. overcurrent relays 
and phase-balance relay. 



Fia. 78.—Inductor-type low-voltage time-delay trip device. 

If the motor is of considerable size, the use of a time-delay 
undervoltage relay, with a separate direct-current control source 
is justified. On smaller motors, however, a cheaper and more 
simple form of protection must ordinarily be used. This require¬ 
ment is met by the inductor-type undervoltage time-delay 
device. 

This device, illustrated in Fig. 78, consists simply of a resistor, 
a ^^Rectox’’ rectifier, and an inductor coil and magnetic circuit, all 
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mounted in a compact metal case. It is connected between the 
alternating-current power source and the coil of a standard 
instantaneous undervoltage-release device on the circuit breaker. 


D. C. corrhoi bus. Storage battery or exciter source 
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In Fig. 79 is shown another connection for undervoltage time- 
delay protection by use of time-delay undervoltage relay. An 
internal-wiring diagram of the undervoltage relay is shown in 
Fig. 80 and characteristic curves in Figs. 81 and 82. 

SYNCHRONOUS-CONDENSER PROTECTION 

Differential protection and overspeed protection similar to 
that used for generators are ordinarily applied to synchronous 
condensers, and, in addition, protection against low voltage and 
overload is generally used. 

Low-voltage protection is obtained by a time-delay under¬ 
voltage relay, energized from a potential transformer connected 
to the source of power which supplies the synchronous condenser. 
The tripping contacts of the relay are normally held in the open 
position by the impressed voltage. During fault conditions or 
failure of supply voltage, the contacts of the relay will close and 
trip the circuit breaker for the synchronous condenser when the 
voltage applied to the relay drops to that of the relay setting, 
usually 50 per cent of undervoltage normal value. In many 
cases it is not possible to apply a very long delay to synchronous 
condensers unless automatic resynchronizing equipment is 
supplied. 

Overcurrent protection of synchronous condensers is ordinarily 
obtained by the use of non-directional overcurrent relays. 

SYNCHRONOUS-CONVERTER PROTECTION 

Synchronous converters should be protected against low 
voltage, overload, overspeed, phase unbalance, direct-current 
reversal, and flashover. Figure 83 shows the connections for 
such protection. Low-voltage, overload, and overspeed protec¬ 
tion is obtained in a manner similar to that for synchronous 
condensers. 

The phase-balance relay is operated from current transformers 
in the alternating-current leads and will protect against phase 
unbalance, phase reversal, and open phase. 

Protection against reversal of direct current is obtained by 
the use of a direct-current relay. It is operated from a shunt 
in the direct-current leads of the synchronous converter and from 
the direct-current potential of the converter and will close its 
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contacts when current is flowing from the direct-current bus into 
the machine. 

Protection against flashover is provided by a relay connected 
between the machine frame and ground. When a flashover 


Al iernafing-^rrenib us Phase balance mVoH, 

» T ■ rekN o/irecf currenf 
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Flashover 


$OOVaC,bus f Trip coil 

a- Closed when breaker is dosed 
b^ Closed when breaker is open 

Fiq. 83.—Diagram of connections, synchronous-converter protection. 

occurs, current flowing from the machine frame to ground will 
operate this relay and trip out the breakers. 


MOTOR-GENERATOR PROTECTION 

Motors generators are usually protected against overload, 
overspeed, phase unbalance, and direct-current reversal similar 
to the protection used in synchronous converters. If six leads are 
available on the motor, differential protection is recommended. 
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PROTECTION OP FREQUENCY-CHANGER SETS 

Frequency-changer sets should, of course, be protected 
against all internal-winding faults, and it is also usually desirable 
to protect them against through short circuits. On large fre¬ 
quency changers, six leads are ordinarily available outside of the 
frames of both the motor and generator units. In such cases 
differential protection may be applied in the conventional way. 
In addition, protection against through short circuits is secured 
by the use of three overcurrent line relays and one overcurrent 
ground relay. 



CHAPTER XI 


PHASE AND LINE-TO-GROUND-FAULT PROTECTION 
OF TRANSMISSION LINES> 

Relay protection can be divided into two general classifications: 
first, apparatus protection and, second, transmission-line and 
distribution-circuit protection. Apparatus protection has been 
covered in detail in Chap. X. 

The general factors which account for the many combinations 
of relays for transmission and distribution circuits are due to the 
inherent differences in long single circuits and parallel heavily 
loaded tied. Loops differ from radials. The electrical char¬ 
acteristics of metropolitan systems differ from lightly loaded 
suburban s3rstems. S3rstem stability limits differ widely. 
Other determining factors are presence or absence of grounding, 
whether lines are overhead or cables, comparative capacities 
of network links, distances involved, and the rigidity of the load 
requirements. Extensive and frequent readjustment of load 
division to conform to best economy of generation and trans¬ 
mission of power will also influence the choice of the relay 
scheme. 

Each power system presents an individual problem and 
should be studied as such. It may seem that there are so many 
schemes in use that these certainly must be based upon a marked 
difference of opinion among relay and operating engineers. 
This is not the case. Local modifsdng factors not represented on 
schematic diagrams are as likely to determine the protective 
scheme adopted as are the inherent characteristics of the system 
connections. It is true, of course, that some of the differences 
in relay practice are attributable to the holdover of past practice. 
Furthermore, in many cases it is not considered justifiable from 
the standpoint of economics to install a more complete relay 

* Description of relays and their chajacteristics obtained from published 
data of the Westinghouse Electric ai^ Manufacturing Company and the 
General Electric Company. 
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scheme, which admittedly would give better protection. These 
are problems which are local in nature and cannot be covered 
within the limits of a general presentation. 

In this chapter only transmission-line relay systems of the 
normal-speed induction type will be considered, Chap. XIII 
being devoted to the high-speed relay systems. 

The induction-relay principle used throughout the complete 
line of normal-speed transmission-line relays is largely responsible 
for the success with which transmission lines can be removed 
from service upon the occurrence of faults. 


Single-con-hact relay 


Operation 
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Connector . 
block —/- 




'^^.^Moving contact 
^‘^^^'^^Stationary contact 


Contactor 
switch 

, ■ - o \ 

I contact 
Punchings 


Terminal — 

Torque compensator^ 


(yy 


Fio. 1.—^Internal wiring diagram of overcurrent induction relay. 


Refer to Chap. XIV for a complete discussion of the theory 
of the induction relay. 

In this chapter, reference to a line relay refers to a relay used 
for protection against three-phase and single-phase line-to-line 
short circuits. A ground relay refers to a relay used for protection 
against line-to-ground faults. Somewhat different character¬ 
istics are required for these two applications. 

In Fig. 1 is shown an internal-wiring diagram of a typical 
overcurrent line relay having current taps from 4 to 16 amp. 
and time-current characteristics as illustrated in Fig. 2. The 
ampere turns are approximately constant for each tap, giving 
volt-ampere values as shown in Fig. 3. The ground relays 
have 0.5- to 2.5-amp. taps, with time-current characteristics as 
shown in Fig. 4. A comparison of the number 10 time setting 
lor, the line and ground relays is showh in Fig. 5, the low-energy 
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type being the ground relay and standard-energy type the line 
relay. 



Amperes 

Ko. 3.—^Volt-ampere oharscterietics of line-type overourrent induction relay. 

In Fig. 6 are shown time-curript curves for a second major 
^ipe of induction relay having.i a different mechanical design. 
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Among other differences, the torque is opposed by a weight 
instead of a restraining spring. 



relay. 



overcurrent induction relay. 

THE RADIAL SYSTEM 

The simplest system of distribution is one having a single 
source of power with a number of feeders connected to the 
generator bus, each feeder in turn subdivided into a number of 
smaller feeders. This is commonly known as the radial system, 
a typical arrangement of this type being shown in Fig. 7. The 
protection of such a system against short circuits may be secured 
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by the use of ordinary overcurrent relays of the induction type. 
In the simple circuit shown, it is an easy matter to calculate the 
short-circuit current values for faults on the various buses. 
The current tap and time-lever settings can then be assigned to 



0 2 4 6 8 10 12 14 16 18 20 22 

Multiples of Pick-Up 


Fig. 6 .—Time-current characteristics of another major-type overourrent 
induction relay. 


each relay, which will give selective operation. Settings of 0.6, 
1, and 1.5 sec. have been designated in Fig. 7. These values are 
merely given to illustrate the approximate values in order to 
get proper selectivity. In the past it has been usual practice to 

(lSsec.(^f 
min. Hmt 


(XS sec.o/tf. 
nun. fime 


Fig. 7.—Typical arrangement of radial system. 



allow 0.4 to 0.5 sec. between relay settings in order to give 
sufficient margin to allow for circuit-breaker opening time. 
The opening time of circuit breakers (from time, trip coil is 
energized until arc is extinguished), has been decreased materially 
during the last few years. Thi^ lower the opening time, the 
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closer will be the allowable time setting between line sections. 
The relay-time values should be plotted on one sheet for various 
conditions of fault in order to determine the settings accurately. 
Relays should be tested at actual fault values, minimum and 
maximum, if accurate results are to be obtained. The settings 
as shown in Fig. 7 are designated as definite minimum time 
values, but advantage should be taken of the inverse portion of 
the relay-time curves wherever possible. If the line sections 
are of sufficient length so that there is a material difference 
between short-circuit values, for example, at substations C and G, 
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Fiq. 8.—Schematic diagram of group-breaker protective scheme. 


then the inverse time characteristics of the induction relay can 
be used as a means of cutting down the time required for clearing 
faults in the first line section out of the generating station. 

If the first section of line is of considerable length, it is often 
possible to use a small instantaneous current solenoid-type 
auxiliary relay, mounted within the induction relay and its coil 
in series with the induction-relay coil, in order to cut down the 
clearing time for faults near the station. The instantaneous 
auxiliary relay is adjusted to pick up at a predetermined high 
overcurrent value which will possibly only occur for faults 
within the first half of the line section outside the station. This 
instantaneous relay closes a contact which short-circuits the 
main contacts of the induction relay,* thus tripping the breaker 
in a minimum time. 
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Group-breaker Scheme.—It is often desirable to supply 
automatic overcurrent protection to all the circuit breakers on 
buses D, Ef F, and G of Fig. 7, but this may require circuit 
breakers of such high interrupting capacity that their cost may 
not be considered justifiable from an economic standpoint. 
To overcome this, a group-breaker scheme such as that shown 
in Fig. 8 can be used. A group breaker of high interrupting 
capacity is installed and a set of overcurrent induction relays 
is used on the feeder breakers and also on the group breaker. 
The protective features are as follows: 

1. Feeder overloads and short circuits, within the feeder-breaker ruptur¬ 
ing capacity, trip the feeder breaker. 

2. Feeder short circuits, exceeding the rupturing capacity of the feeder 
breaker, do not trip the feeder breaker until after the fault is cleared by the 
group breaker. 

The first of these conditions, viz., tripping of the feeder circuit 
breaker by faults within its capacity, is secured by the operation 
of the induction element of the feeder overcurrent relay. When 
the fault current exceeds this rupturing capacity, the desired 
operation is secured as follows: 

1. Tho instantaneous plunger of the feeder overcurrent relay is adjusted 
to operate if the feeder current approaches the rupturing capacity of the 
feeder circuit breaker. 

2. A severe short circuit picks up this instantaneous plunger of the over¬ 
current relays on the faulty feeder, which picks up an auxiliary relay which, 
in turn, opens the feeder-breaker trip circuit. 

3. As soon as the contacts of the feeder overcurrent relay close, a circuit 
is established through the contactor switch coil, operation indicator, external 
resistor, and feeder-breaker auxiliary switch, thus operating the operation 
indicator and contactor switch, which seals itself in, as long as the feeder- 
breaker auxiliary switch and the feeder breaker remain closed. 

4. The group-breaker overcurrent relay clears the fault by tripping the 
group breaker. 

5. Clearing the fault drops the feeder-overcurrent-relay instantaneous 
plunger and the auxiliary relay, whose back contact trips the breaker of the 
faulty feeder. 

Number of Relays Required.—On the lower voltage circuits 
there is a tendency to reduce the initial cost of an installation 
by using only two overcurrent relays and two current trans¬ 
formers on an ungrounded three-iphase system, or three current 
transformers connected in Z with two overcurrent relays on a 
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grounded system. However, the use of Z-connected current 
transformers adds an unjustifiable complication which merely 
confuses the operators and test men, making it very easy for 
mistakes in connections to occur. The use of three overcurrent 
relays gives a “back-uprelay for each phase fault and is well 
worth the slight additional expense. With three relays in the 
circuit, it is possible to test one relay while the circuit is in 
service and still have two relays to give complete protection in 
case a line-to-line fault should occur. It is highly recommended 
that three line-type overcurrent relays and three current trans¬ 
formers be used to give complete protection for line-to-line 
and three-phase faults and, in addition, that one ground relay 


Confn/ hus + 



Fig. 9.—Diagram of connections of three overcurrent line relays and one ground 
relay applied to three-phase line. 

be used where ground relaying is desirable. It is becoming 
common practice to use ground relays on solidly grounded 
systems of 11 kv. and above. The use of a resistor in the 
neutral ground circuit makes ground relays very desirable, even 
on low-voltage circuits. A ground relay having low-ampere 
taps provides more sensitive protection than is possible by any 
other scheme and has the distinct advantage that relay settings 
can be made irrespective of load. The connections for both 
line and ground relays are shown in Fig. 9. The ground relay is 
placed in the neutral lead of the current transformers and hence 
carries no load current. Ground relays are timed in the same 
manner as line relays. 

Direct-current Tripping.—^The use of overcurrent relays, as 
shown in Fig. 9, requires direct-current tripping of the circuit 
breakers. In the larger generating stations and substations, 
this direct current is secured by the use of a 125-volt battery 
and in less important substations by a 12- or 24-volt battery. 
On isolated feeders located at some.distance from the main 
system, it is often considered undesirable to use even a 12- or 
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24-volt tripping battery, as periodic inspection and maintenance 
are required. With the development of the copper oxide, 
trickle-charge rectifier, this objection has been largely removed. 
Direct-current tripping gives the most positive and simple 
means of tripping a circuit breaker and is constantly coming 
into more general use. 

Alternating-current Direct-trip Devices.—Where time adjust¬ 
ment for tripping on overload is required and a separate source 
of direct current is not available, protective relays capable of 
accurate adjustment are used in connection with an alternating- 



Fiq. 10.—Sohematic diagram of alternating current direct-trip device. 

current direct-trip attachment or in connection with tripping 
reactors. 

The direct-trip attachment shown in Fig. 10 is described 
as follows: The tripping mechanism of the circuit breaker is 
equipped with an overload trip coil designed for operation 
through a current transformer. The tripping lever is actuated 
by a plunger which is moved in a vertical direction against the 
force of gravity by the trip coil. Attached to the bottom of 
the trip coil is a separate magnetic circuit on which are wound a 
holding coil and a releasing coil. The lower end of the tripping 
plunger in a normal position completes the path of this magnetic 
circuit and is enclosed by the releasing and holding coils. The 
holding coil is connected in series mth the trip coil in the second¬ 
ary circuit of a current transformer. The magnetic circuit of 
the tripping coil is open when the^tripping plunger is in a normal 
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position, while the magnetic circuit of the holding coil is closed 
This prevents any movement of the plunger regardless of the 
amount of current through the combination. The protective 
relay in closing its contacts short-circuits the releasing coil, thus 
demagnetizing the magnetic circuit of the holding coil, whereupon 
the tripping plunger is actuated by the trip coil. This device 
is largely used in isolated installations where direct current is 
not available for tripping. 

A second scheme of alternating-current direct tripping is that 
of the tripping reactor. 



Fiq. 11.—Schematic diagram of alternating-current tripping reactor. 


Tripping reactors are connected in series with the operating 
coils of protective relays across the secondary terminals of 
current transformers. The circuit-breaker trip coils are con¬ 
nected in series with the relay trip contacts across the tripping 
reactors. When current passes through the circuit breaker, the 
current-transformer secondary currents produce a drop across 
the tripping reactors due to the impedance of the reactor circuits. 
When this current exceeds the value at which the protective 
relays are adjusted to trip, the relays close the trip-coil circuits 
and the voltage across the tripping reactors causes sufficient 
current to flow in the trip-coil circuits to trip the circuit breaker. 
A diagram of connections is shown in Fig. 11. Additional 
alternating-current tripping schemes *are given later in this 
chapter. 
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Parallel Lines for First Line Section out of Generating Station. 

The first line section out of a generating station often requires 
parallel lines in order to provide good regulation, reliable service, 
and sufiicient flexibility for all service conditions. A typical 
radial system with parallel lines between A and B, and A and C, 


I B shown in Fig. 12. This 

h 3-&Q*Q-arrangement makes possible 

-Mp'" ' the use of selective-differential 

_TqIq _p current balance relays at Sta- 

p 4 tion A to give fast clearing 

Q to*® of faults during parallel line 

Fig. 12.—^Typical arrangement of par- operation. 

.Ud-Une radial system. Three current balance relays 

are required for line protection and one for ground protection 
per pair of lines at Station A. A set of four induction over¬ 
current back-up relays per line are required. These overcurrent 
relays not only act as back-up relays during parallel line opera¬ 
tion but give overcurrent protection when only one line is in 
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The current balance relay can be applied only at a station 
bus where there is a source of power. If this source of power 
is not present a short circuit on a parallel line section will set up a 
condition whereby the currents in the two lines are equal and 
reversed. It takes an actual unbalance of current to operate a 
current balance relay. 

Single-element Current Balance Relay.—For the protection 
of transmission lines operated in parallel, balanced relay protec- 
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Fig. 14.—Internal diagram of current balance selective-differential relay. 



tion gives very satisfactory operation. The relays can be set 
with low current and time settings, thereby giving fast operation. 
Balanced relay protection can be obtained by the use of the 
selective-differential current balance relay shown in Fig. 14. 
The relay illustrated has current taps from 3 to 7 amp. and is 
used for protection against line-to-line faults. A similar relay, 
except with lower current windings and lower volt-ampere 
burden, is available for line-to-ground fault protection. This 
latter relay has taps from 0.5 to 1.2 amp. 

The selective-differential relay operates on the induction 
principle. As shown in Fig. 14, the lower pole of the main 
element has two main current windings. A and B, each of which 
is connected in series with one of the \irindings C and D on the 
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torque compensator. Taps are provided on the main windings 
to permit different current settings. The two upper poles of 
the main element are energized from a third winding on the 
torque compensator, and the relation between the currents 
in the upper and lower poles of the main element is such as to 
produce rotation of the disk. 

When a selective-differential relay is applied at a generating- 
station bus, the currents in the two lines will usually both be 
outward from the bus even though a fault may be present 



Fio. 15.—Schematic diagram of current balance relay system. 

on one of the lines. At the substation end, however, conditions 
are usually different, and it is possible to have short-circuit 
current flowing in opposite directions in the two lines. The 
operation of the relay is somewhat different for each of these 
two conditions. 

A schematic diagram of the relay connections when used 
at a generating station for the protection of two parallel outgoing 
lines is shown in Fig. 15. With normal balanced power flow 
on the two lines, the currents will flow through the coils in 
the directions indicated. The currents in the main current 
coils A and B are opposite and hence neutralize each other. 
The currents in the torque-compensator coils C and D are 
additive and induce current in the upper pole coils. However, 
since the effective current in the main coils is zero under these 
conditions, there will be no torque on the disk. Should a fault 
occur on Une 1, resulting in a ^rge increase in current in this 
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line, the current in coil B becomes larger than that in coil A 
and a torque is produced to close the right-hand contacts. If a 
fault should occur on line 2, the opposite effect will be produced 
and the left-hand contacts will close. 

When the currents in the two lines are in opposite directions, 
as may occur when the relay is applied at the substation end of 




Fig. 17. 

Figs. 16 and 17.—Operating characteristics of current balance relay. 


the line, the currents in the main coils are additive and the 
effective current induced by the torque compensator in the 
upper pole coils is proportional to the difference between 
the two currents. 

The current characteristics of a line-type relay are shown in 
Fig. 16 for the case when the currents in the lines are in the 
same direction; and the characteristics of this relay when the 
currents in the lines are in opposite direction are shown in 
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Fig. 17. It will be noted that under the latter condition the 
relay is more sensitive. 

The numbers on the curves in Figs. 16 and 17 refer to the 
time-lever setting, and the ordinates and abscissas are given in 
per cent of the current tap rating. The ordinates of the tripping 
current are the differences between the currents in the two 
current-transformer secondaries. 

Two-element Current Balance Relay.—^The principle of 
operation of the relays of this group is based upon the com¬ 
parison of two torques, produced by shaded-pole electromagnets, 
which act in opposition on a disk, so that one, the operating 
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Flo. 18.—Schematic diagram of two-element current balance relay. 


torque, tends to close the relay contacts; and the other, the 
restraining torque, tends to hold the contacts open. There 
are two elements each having a single-throw single-circuit con¬ 
tact. The elements are electrically interconnected as shown in 
Fig. 18. The operating coil of each element is connected in 
series with the restraining coil of the other element, so that the 
operating (or fault) current which actuates one of the elements 
at the same time increases the restraint in the other element, 
thus obtaining selective operation. Each restraining coil is 
usually wound with 25 per cent more turns than the operating 
coil. This characteristic is illustrated in Fig. 19. The connec¬ 
tions for parallel-line protection are shown in Fig. 20; the relay 
characteristics in Figs. 21 and 22. 

Directional Protection at Substation End of Parallel Lines.— 
At Substations B and C (Fig. 12);'^ directional overcurrent relays 
are required on the incoming breakers of the parallel lines. 
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There is no source of power on buses B and C, and therefore a 
fault on one line of the parallel section will produce a condition 
of equal and opposite currents through breakers 5 and 6 at B 



Fig. 19.—Operating characteristics of two-element current balance relay. 




























bines an overcurrent element Mth a directional or wattmeter 
element. The overcurrent element is identical with the induction 
overcurrent relay already described. The directional-element 
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electromagnet is made up of punchings similar to those used 
for the overcurrent element, having a potential coil on the 
lower pole and a current element on the upper pole. 

There are two general types of single-phase directional over¬ 
current relays, one having the overcurrent characteristics as 
shown in Fig. 2 and the other characteristics as illustrated in 
Fig. 6. In addition to this, the directional-control feature is 
accomplished in each of these types in a different way. 

The distinction between a directional overcurrent relay and a 
directional overcurrent relay mth directional control should be 
clearly understood, or confusion is likely to result. In a simple 
directional overcurrent relay the overcurrentz-element contacts 
and the directional-element contacts are connected in series in 
the trip circuit of the circuit breaker. If the direction of flow of 
short-circuit power is into the bus, the overcurrent-element con¬ 
tact will close, but the directional contact will remain open.^ 
Therefore, the breaker will not trip. If the direction of the 
power flow is away from the bus, both the overcurrent-element 
contacts and directional-element contacts will close and trip 
the breaker. 

However, the development of the directional overcurrent 
relay with directional control was necessary owing to a condition 
which may result where there is a multiple feed to a bus. Under 
these circumstances a fault on some other line may operate the 
overcurrent element without operating the directional element. 
This fault may then be satisfactorily cleared by the operation 
of the proper relay. However, this sequence of events may cause 
the directional contact of the first mentioned relay to close 
(due to power-load flow or system oscillating after fault has 
cleared) before the overcurrent element has had time to reset, 
resulting in an incorrect breaker operation. Directional over¬ 
current relays have therefore been developed which control the 
operation of the overcurrent element so that the overcurrent 
element cannot operate unless the directional-element contact is 
closed. The directional-element contact is made an inherent 
part of the operation of the overcurrent element, and only the 
overcurrent-element contact is connected in the trip circuit. 

1 Refer to Chap. VIII for a complete explanation of directional-oveiv 
current-relay connections. 
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Fiob. 23 and 24.—Two general types of directional overcurrent relays with 
directionai-control feature. 
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The diagram of internal connections for one t3rpe of single¬ 
phase directional overcurrent relay with directional control is 
shown in Fig. 23. The shading coils are connected to the 
primary winding of a small interposing potential transformer. 
The secondary winding of the transformer is connected across 
the contacts of the directional unit so that it is normally open- 
circuited when these contacts are open. 

A second type of directional overcurrent relay with directional 
control is shown in Fig. 24. In this case the directional-element 
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Fig. 25.—Complete connections of overcurrent directional protection using 
potential transformers. 


contacts are connected in the primary of the torque compensator, 
and these directional contacts must be closed before the over¬ 
current element can operate. 

The single-phase directional overcurrent relays are available 
in 4- to 15-amp., 2- to 6-, and 0.5- to 2.5-amp. ratings. A 
complete diagram of connections is given in Fig. 25, showing use 
of potential transformers and in Fig. 26 for applications where 
the potential device is used. 

Polyphase Directional Overcurrent Relay.—In place of using 
three single-phase directional overcurrent relays, it is advan¬ 
tageous in some applications to use one polyphase directional 
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relay and three overcurrent relays. The polyphase directional 
relay consists of three directional elements mounted to operate 
on a common shaft. The relay contacts are therefore opened or 
closed in accordance with the resultant direction of current 
flow in all three phases. This is of special importance on systems 
with high transmission voltages and a multiplicity of solidly 
grounded neutrals, where it is possible for heavy current to 



Tofr/f} 

circuff 


Fig. 26.—Complete connections of overcurrent directional protection using 
condenser potential device. 


flow in all three phases during a line-to-ground fault, with the 
result that certain single-phase relays may trip incorrectly. 
Where this difl&culty is experienced, the three-phase relay offers 
the best solution. The residual current furnishes the pre¬ 
dominating torque during phase-to-ground fault conditions, 
so that the current in the good phases cannot cause faulty 
operation. Similarly, the fault current on such a system should 
be suflGiciently large so that the load current will never affect the 
relay in such a direction as to prevent proper operation. 
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The polyphase directional overcurrent relay has a distinct 
field of application. In many cases, either the single-phase 
or three-phase relay will operate satisfactorily. On systems 
having the neutral grounded through a high resistance, the 
polyphase directional relay may operate incorrectly, since 
the torque due to the normal load current on the unfaulted 
phases may exceed that due to the relatively small fault current. 



Fig. 27.—Overcurrent directional protection using polyphase directional relay. 


The connections for line-fault protection, only, by means 
of a polyphase directional overcurrent relay and three non- 
directional overcurrent relays are shown in Fig. 27. This 
scheme also includes the directional-control feature, using 
an auxiliary relay for that purpose. The auxiliary relay short- 
circuits the current coils of the three overcurrent relays, except 
when the contacts of the polyphase directional relay are closed 
in a tripping direction. This avoids the possibility of incorrect 
operation on a good line immediately following a fault, which 
may occur if the contacts of one of the overcurrent relays have 
been closed by fault current and the sudden reversal of power 
flow also closes the directional contacts of the polyphase relay 
before the contacts of one of the overcufrent rela 3 rs have parted. 
The connections giving not only line protection but also ground 
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protection are shown in Fig. 28, the ground relay in this case 
being the single-phase directional overcurrent relay. A set of 
typical characteristic curves for a polyphase directional relay is 


Three-phase bus v ttXC controlbus^ /E 



0 5 10 !5 20 25 30 35 40 45 50 55 60 65 70 75 flO 


Ampere$ 


Flo. 29.—^Time-current characteristics of polyphase directional relay shown in 

Figs. 27 and 28. 


shown in Fig. 29. A second type of polyphase directional relay 
is shown in Fig. 30, and a complete diagram of its application to 
a single line is illustrated in Fig« 31. 
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To obtain the maximum torque of the relay at lagging fault 
currents, internal resistors are connected in series with the 
potential coils (Fig. 30). These resistors carry the potential 
flux of each element forward from its natural position to a point 
approximately 90® behind the phase position which the fault 
current is expected to occupy. Since the torque is proportional 
to the sine product of effective potential and current fluxes, the 

Top 



Fig. 30.—Schematic internal connections of a second general type of polyphase 

directional relay. 

greatest torque possible with the fluxes available is thus obtained 
when it is most required. Taps are brought out from these 
resistors to three tap plates which are marked 6®, 30®, and 45®. 
These angles indicate the amount by which the current in the 
relay leads its unity-power-factor position when maximum torque 
occurs. They should not be confused with angular displace¬ 
ments between line voltages and currents.^ 

Cross-connected Directional Overcurrent Relays. —If there 
is not sufficient current at a substation, as shown in Fig. 32, to 
give reliable directional overcurrent protection with relays 
connected at breakers c and d, as shown* in Fig. 25, the cross- 

^ Refer to Chap. VIII for further details of these connections. 
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connected directional overcurrent relay system can be used to 
advantage. Additional advantages and other applications of 
the cross-connected relay system are given later in this chapter. 

The simplest and most general arrangement consists of two 
sets of single-phase directional overcurrent relays with their 



current coils connected in series across the cross-connected 
current transformers of the two lines^ as illustrated in Fig. 33. 
The potential connections of one set of relays are reversed from 
that of the other set so that only the trip circuit of the breaker 
carrying the greater current will be closed by the unbalanced 
circuit.* The same results can be obtained by using one set of 
duo-directional overcurrent rele^^s as shown in Fig. 34. 
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The use of cross-connected current transformers with direc¬ 
tional relays permits unusually rapid clearing of faults. Using 
the circuit-breaker designations of Fig, 32, the current relations 
for one phase are shown in Fig. 33 for a line fault and in Fig. 36 
for a bus fault. When a line fault occurs, assuming no backfeed 


t 

Sudsfcrf/on Gemrafing Station 

Fig. 32. Fig. 33. 

Fig. 32.—Typical parallel line section. 

Fig. 33.—Schematic connections of cross-connected overcurrent directional- 
relay system. 




from the substation, the currents in the two lines at the sub¬ 
station are equal and the current through the relay is twice 
the current in the individual lines. For a bus fault, if the cur¬ 
rents in the two lines are balanced, the current through the relay 
is zero. This characteristic of the cross-connected scheme 



Fig. 34.—Cross-connected relay 


system using duo-directional over¬ 
current relay. 


Fault 



Fig. 36.—Flow of current 
in cross-connected relay sys¬ 
tem assuming bus fault. 


allows the use of low current and low time settings on the direc¬ 
tional relays. The potential connections to the directional 
elements are made so that, with the current flowing as in Fig, 33, 
the directional contacts of relay 2 will close and those of relay 1 
will open. For a fault on line 1, the current flow.through the 
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ft 


^Open 


relays is in the opposite direction, so the directional contacts of 
relay 1 will close and those of relay 2 will open. Unless the relays 
are equipped with the directional-control feature, both over¬ 
current contacts will close if sufficient current is flowing to 
operate them. 

If the relays at the substation are set for less than the total 
load current in the two lines, trouble will be encountered in 
restoring a circuit once it is tripped out. For example, if line 1 
is opened at the substation, the total load must be carried over 
line 2. If the current setting of the relays on line 1 is less than 
the total current, both directional and overcurrent contacts will 

close, as the direction of current flow 
in the secondaries of the current trans¬ 
formers on the relays of line 1 is such as 
to cause the tripping contacts of relay 
1 to be closed while the breaker is open. 
This will be clear from an inspection of 
Figs. 33 and 36. In Fig. 33 the current 
is in such a direction as to trip relay 2 
and open the directional contacts of 
relay 1. In Fig. 36, for the condition 
where line 1 is open, it is apparent that 
the total current flows through the 
relays and its direction is opposite to 
Therefore, the directional and overcurrent 
As a result of this, if line 1 is 


1 


Fia. 36.—Current flow in 
cross-connected relay system 
with one line open. 


that in Fig. 33. 
contacts will close on relay 1. 
closed, it will immediately trip out, since the trip circuit is already 
closed at the instant the circuit breaker is closed. 

Also, if cross-connected relays are used at the generating 
station, the opening of line 1 at the substation will tend to trip 
the relays on line 2 at the generating station. The total current 
flows in line 2, and, since it is flowing away from the bus, the 
direction is such as to trip relay 2 at the generating station. 
The obvious remedy for this condition at either the substation 
or the generating station is to use a higher current tap setting. 
This, however, partially defeats the purpose of the cross-con¬ 
nected scheme. The maximum and minimum short-circuit 
currents and the load currents determine the current tap setting 
that must be used, and a con^lete analysis must therefore be 
made for each case. 
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One method which can be employed to allow the use of a 
lower setting is to connect mechanically operated auxiliary 
switches across the relay coils. For example, auxiliary switches 
on the circuit breaker of line 1 may be so connected that, when 
the breaker is in the open position, the auxiliary switch short- 
circuits the current coil on relay 1. If the circuit breaker of 
line 1 trips, the secondary current from line 2 passes through the 
relays on line 2 but is by-passed by the auxiliary switch on relay 1. 
When the breaker on line 1 is reclosed, it will then trip only if 
the fault is present on the line. If this scheme is used, it is 
possible to set the relays for any desired value of current. 

Fault-detector relays may be used to accomplish the same 
results and at the same time avoid the disadvantage of introduc- 


Subsfai-ion. bus 
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Fia. 37.—Multiple parallel-line protection. 

ing an additional hazard in the current-transformer circuit. 
Using this scheme, the trip circuit from the relay cannot be 
completed through the detector relay unless a fault actually 
exists on the system. For the usual types of low-voltage circuits, 
it is unnecessary to go to any of these elaborate schemes in order 
to provide low-current tripping. 

Multiple Parallel Lines.—To get proper voltage regulation 
at an important substation, it is common to have three, four, 
and even up to six and eight sections of line operating in parallel. 
Theoretically, any number of parallel cables can be provided with 
balanced protection, but the large number of relays and com¬ 
plications and possibilities of leakage currents makes this 
inadvisable. 

Three parallel lines are often provided with balanced protection 
using either current balance relays or directional relays. A 
schematic diagram of directional relays applied to three lines is 
shown in Fig. 37. In some cases, two lines are balanced against 
each other and the third operates with single-line protection. 
With four lines, it is advisable to balance the lines in pairs 



378 RELAY SYSTEMS—THEORY AND APPLICATION 


rather than to attempt a single complete balance of the four 
lines. 

Limitations of Radial System.—Reference to Fig. 7 will 
indicate that the radial system has distinct limitations from the 
standpoint of service security, regulation, and economical use 
of copper. The opening of the breaker at Station A interrupts 
service to Substations C, F, and G. In most radial systems, 
many more feeders are affected by the opening of a single breaker 
than are shown in the simple arrangement of Fig. 7. Modem 
service requirements and regulation standards require inter¬ 
connection of feeders which give continuity of service under 
practically all fault conditions. 

THE LOOP SYSTEM 

The addition of one line as shown in Fig. 38 will serve to 
form a simple loop when operated in parallel with a sectionalized 



radial line. It is necessary to use overcurrent directional relays 
on breakers 2, 3, 4, 5, 6, and 8. In Fig. 38, there are but three 
substations, only one of which is shown in detail. The relays 
on the substation circuits must act selectively with the relays on 
the high-voltage circuits. Since the substation and line relaying 
are not independent, speed of operation of the high-voltage 
circuit relaying must be sacrificed; this may lead to more or less 
serious difficulties depending upon the characteristics of the 
particular system. If the transformer capacity in the substation 
is small, the short-circuit current on the low-tension side may 
be so low that the transmission-line relays may be set above this 
current value. However, if the transformers are of large capac¬ 
ity, this would not be possible because the maximum current 
setting of the transmission-line relays is limited by the minimum 
fault current on those circuits. 

It will be assumed that the substation transformers in Fig. 38 
are of large capacity, and we wiirconsider, first, the transmission- 
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line relays only. Relay 8, being at the farther end of the first 
section of line out of the generating station, can be given a mini¬ 
mum setting of 0.2 sec. Relay 5 is then timed for 0.7 sec., 
relay 3 for 1.2 sec., and relay 1 for 1.7 sec. In the opposite 
direction around the loop, relay 2 is timed for 0.2 sec., relay 4 
for 0.7 sec., relay 6 for 1.2 sec., and relay 9 for 1.7 sec. The 
feeder relays in the substation, such as relays c and /, can be 
given a time setting of 0.2 sec., relay b 0.7 sec., and relay a 1.2 sec. 
Obviously, for a fault within the station, relays b and a will not 
operate selectively with relays 5 and 3. The latter must there¬ 
fore be given a longer time setting. This is not desirable, because 
the time for relay 5 would be 1.7 sec., for relay 3 it would be 
2.2 sec., and for relay 1 it would be 2.7 sec. This, however, is too 
long for a large system. 

The conditions described are on the basis that with a short 
circuit on the low-tension bus, the current flowing in the substa¬ 
tion a*nd transmission relays is of such value that all relays will 
operate on the flat part of their characteristic curves. Actually 
on most systems, this would not be the case, and improvement in 
timing could be secured by properly grading the current tap 
settings of the various relays. The low-voltage feeder relays 
c and / are normally set for 200 to 300 per cent of the circuit 
rating. The total feeder capacity fixes the setting of relay 6, 
and the transformer capacity fixes the setting of a. If a is given 
a high-current setting, no protection will be afforded for heavy, 
sustained overloads, and, furthermore, a failure -within the 
transformer may not produce operation of overload relays. 

The problem of selective timing between substation and trans¬ 
mission relays is considerably simplified when distance relays are 
used on the high-voltage circuits. When a fault occurs on the 
low-tension side of the transformers, the distance relays at the 
far end of the high-voltage sections adjacent to the substation 
tend to trip for a fault distance equal to the full section length 
plus the reactance of the substation transformers. Due to the 
high-voltage drop through the transformers and transmission 
circuit, the restraint on the voltage coils of the distance relays is 
of a high value, so that the operating time is delayed. In some 
cases this characteristic allows independent timing of substation 
and transmission relays. This will, of course, depend upon the 
transformer capacity, line reactance, and the short-circuit current 
and its distribution. 
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The most satisfactory method to eliminate the timing problem 
is to apply transformer-differential and bus-differential protection 
in the substation, as explained in Chap. X. The low-voltage- 
bus-differential protection can be made the same as the high- 
voltage-bus-protective schemes. A fault on one section of the 
high-tension bus will clear circuit breakers 6, 7, and a, and a fault 
on the other section will clear 7, 8, and d. A fault in one trans¬ 
former will clear a and h and in the other transformer will clear 
d and e. A fault on one section of the low-tension bus will clear 
the bus-tie breaker, as well as the feeder breaker and the low- 

tension transformer breaker on 
that section. Any fault which 
may occur in the substation 
will be isolated by clearing the 
proper circuit breakers, and 
only the faulty section will be 
removed from service. Each 

’ Fig. 39.-Cro«^connected relay eye- ^Cuit breaker shouM be 
tern with overcurrent relay and included in tWO differential 
autotransforxuer added to give bus i ___ 

protection. loops to insure that circuit- 

breaker bushing flashovers or 
trouble inside the breaker will be properly cleared. 

The differential relays may be given a low time setting and 
thus obviate the necessity of increasing the time setting of the 
transmission-line relays. If proper current transformers and 
relays are used in the differential protection, there will be no 
tendency for operation on through faults. Overcurrent relays 
for back-up protection may be installed for operating circuit 
breakers a, &, d, e, and g. 

An inspection of Fig. 36 will show that the cross-connected 
relay , scheme does not offer protection to the substation bus. 
Several schemes are applicable for securing bus protection and 
all require the use of additional relays. One scheme is to install 
a 2:1 ratio current balance autotransformer in series with each 
pair of cross-connected current transformers as shown in Fig. 39. 
An overcurrent relay is connected across each of the three auto¬ 
transformers. This scheme is unique in that the current in the 
overcurrent relay for a given load is the same, irrespective of 
whether one or two lines are in service. When two lines are in 
service and carry equal currents, only magnetizing current will 


Subsfoiiion bus 
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flow through the autotransformers, since their impedance is 
high in comparison to that of the overcurrent relays. Therefore, 
with 5 amp. in the secondary of each circuit, the total current 
through the overcurrent relay is also 5 amp. For the same load 
conditions with only one line in service, there will be 10 amp. 
flowing in the secondaries of the current transformers on that 
circuit. Because of the high impedance of the secondaries of the 
current transformers on open circuit, this 10 amp. will all flow 
through the directional overcurrent relays. This current will 
divide in the autotransformer, 5 amp. flowing through one-half 
and 5 amp. flowing in the opposite direction through the other 


SubshuHon bus 



Fig. 40.—Cross-connected relay system with overcurrent relu.ys added for 

bus protection. 

half and through the overcurrent relay. It is necessary when 
using this scheme to check carefully the characteristics of the 
current transformers in order to be sure that the burden is not 
sufficiently great to break down the ratio at high values of 
current. 

The connection for one phase of an alternate scheme which 
requires the use of two sets of overcurrent relays to provide bus 
protection is shown in Fig. 40. The scheme is not so satisfactory, 
because with only one line in service the overcurrent relay on that 
line carries twice the current that flows when both lines are in 
service. This necessarily means that the current setting of the 
overcurrent relay must be higher than the maximum load current. 
The characteristics of the particular system determine the selec¬ 
tion of the proper scheme of bus protection. 

A typical loop system consisting of one generating station and 
four substations is shown in Fig. 41. Straight overcurrent 
relays are applied at the generating station, and overcurrent 
directional relays are applied at each substation. Proceeding in 
a counterclockwise direction around* the loop, the time settings 
of the breakers at E, D, C, and B are increased in steps of 0.5 sec.. 
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starting with the incoming breaker at E. Proceeding in the 
clockwise direction, the settings of the incoming breakers at 
B, C, D, and E are likewise increased in O.S-sec. increments. In 
each case, the lowest setting on the loop is on the first breaker 
out from the generating station. A check of the circuit-breaker 



Fig. 41,—^Loop-system relay protection. 


opening time in many cases makes it possible to cut down the 
0.5-sec. increment, allowing five substations to be protected 
selectively without exceeding 2 sec. at the generating station. 

Loop System with More tiian One Source of Power.—loop 
system containing two sources of power is shown in Fig. 42. Let 

E D 



Fig. 42.—^Loop system with two sources of power. 


it be assumed that the overcurrent directional relays are timed 
selectively for clockwise power flow by starting from Station A 
and proceeding counterclockwise a'round the loop. In a similar 
manner the relays set for protection, against short-circuit flow in 
the counterclockwise direction are |iet selectively in the clockwise 
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direction. Assume further that a fault occurs between Station 
A and Substation E. The circuit breaker of this section at 
Substation E opens in a relay time of 0.2 sec. The circuit 
breaker at Station A has a relay time of 1.8 sec. It is obvious 
that after the breaker opens at Substation E it is possible that 
the short-circuit power from source C may be of sufficient magni¬ 
tude to operate the relays timed for 0.6 sec. at C and the relays 
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Fia. 43.—Relay symbols. 


timed for 0.2 sec. at B, before the station breaker at A on the 
faulted section can operate. It is for this reason that impedance- 
type relays may be required for a system plan shown in Fig. 42 if 
adequate protection is to be effected. 

A more convenient system of relay symbols than indicated in 
Fig. 41 is given in Fig. 43. This scheme of symbols is used in 
designating the relays for Figs. 44 and 50. 


Ch> 




Double Line Loop.—Where the load density justifies a double 
loop, an arrangement such as Fig. 44 affords a very effective and 
reliable system plan. It gives a flexible circuit layout which 
can be relayed very satisfactorily. Current balance relays can 
be tised at the generating station to give fast relay operation 
when both lines of a section are in service. Complete protection 
at the substations can be obtained by the use of a cross-cormected 
overcurrent directional-relay system. 'This can be of the simple 
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Fia. 44.—Double line loop. 
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cross-connected scheme shown in Figs. 33, 35, and 36, but a more 
effective scheme is shown in Fig. 45. 

The voltage and current connections to the relays are so made 
that the relays of each set close their directional-element con¬ 
tacts when unbalanced power is flowing out over the line which 
those relays protect. Each relay is provided with a tap between 
the directional-element contacts and the over current-element 
contacts, and these taps are joined to a common bus for each 
pair of lines, so that any overcurrent element can trip either 
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Fiq. 46.—Cross-connected relay system with special trip circuit interconnection. 


circuit breaker by acting through the directional-element con¬ 
tacts of the corresponding set of relays. 

With the feeders carrying equal loads, there is no current flow¬ 
ing through the current windings of the relays. As soon as a 
fault develops on one line, an unbalanced current circulates 
through the relays, causing the directional-element contacts of 
the faulty-line group to close and those of the good-line group to 
open. The faulty-line circuit breaker is tripped by the closing 
of the contacts of the overcurrent element having the short time 
setting. As soon as the faulty-line circuit breaker has opened, 
the control circuit to the short-time overcurrent element is 
broken by the series connection through the circuit-breaker 
auxiliary switches. The remaining line then has directional 
overcurrent protection only, the tiipe and current settings of the 
overcurrent element being detenpined by operating conditions 
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OH- the loop. A Bchematic of the trip connections is shown in 
Fig. 46. 

Two additional cross-connected relay systems are shown in 
Figs. 47 and 48. In Fig. 47 one polyphase duo-directional relay 
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Fig. 40.—Schematic diagram of trip circuit interconnection for relay system, 

Kg. 45. 


and three overcurrent relays are used to give single-phase and 
three-phase fault protection. An internal schematic of the 
polyphase relay is shown in Fig. 27. In Fig. 48 this same protec¬ 



tion is accomplished by the use of three single-phase duo- 
directional overcurrent relays. 

On certain extensive high-tension systems, there may arise a 
problem of timing which cannot be taken care of by the cross- 
connected schemes so far discussed. ’The relay system Ulus- 
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trated in Fig. 45 may have the disadvantage that the high-current, 
long time setting has to be high enough to allow two breakers to 
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Fiq. 48.—Cross-connected relay system for parallel lines. 
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open, or, in other words, the time must be at least 1 sec. In 
Fig. 49 the polyphase overcurrent duo-directional relay and 
overcurrent relay take care of pwallel-line protection, and the 
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directional-control overcurrent directional relays supply single- 
line and back-up protection. The advantage of this particular 
scheme is that the directional-control relays need be set only 
long enough to allow one breaker to open, about 0.5 sec. 

It is also possible to use directional-control relays across the 
autotransformer shown in Fig. 39 to take care of single-line bus 
and back-up protection against phase-to-phase faults. Direc¬ 
tional-control relays so used have to be set a little higher than the 
directional-control relays shown in Fig. 49, but not so high as the 
high-current, long time setting of Fig. 45. 

In cases where there are too many line tiections in series to 
apply overcurrent directional relays, it is possible to apply pilot- 


Fig. 60.—^Loop system with seven line sections showing application of pilot-wire 
protection on four line sections. 


O-a- 
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wire relaying to one or more sections, as shown in Fig. 50. This 
system of relaying is covered in detail in Chap. XII. The 
impedance relay is also applicable to system connections of Fig. 
50. 

The Induction-t 3 rpe Impedance Relay.—^The impedance relay 
is of the same type as the ordinary overcurrent relay but with the 
addition of a voltage-restraining coil. Its operation is therefore 
dependent on both excess current and low voltage. 

The pull of this voltage coil, which opposes the closing of the 
contacts, is directly proportional to the applied voltage. During 
a short circuit the voltage at the point of fault will, of course, be 
approximately zero, and the voltage applied to the relay-restrain¬ 
ing coil will therefore be the voltage drop from the point at which 
the relay is applied to the point of fault. The time of operation 
of the relay is inversely proportional to the short-circuit current 
and directly proportional to the voltage drop. Since the imped¬ 
ance from the relay to the point of fault may be expressed as 
voltage drop divided by short-circuit current, it can be seen that 
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the impedance relay has an operating time that varies directly 
as the impedance to the fault. This relay uses no definite select 
tive lever settings, but automatically adjusts its time according 
to the location of the short circuit. 

Its principal application is for protection against line-to-line 
faults rather than against line-to-ground faults, owing to the 
diflBiculty of calculating the proper relay settings for the latter 
case. Sufiiciently accurate calculations can be made for three- 
phase and single-phase line-to-line faults to determine the time 
setting of the relay and this time will be practically constant for 
a given fault location. Ground-relay settings can be only approx¬ 
imate because of variations in the zero-sequence impedance of a 
transmission line and variations in earth resistance and in contact 
resistance at the point of ground. 

Instead of operating the contacts directly, the movement of the 
disk winds up a spring, one end of which is geared to the disk 
shaft. The other end of the spring is connected to a rocker arm 
pivoted at its center and mounted directly above the disk. 
This rocker arm carries the contact on one end, and the core of 
restraining coil is suspended from the other end. A special 
construction of the voltage-restraining element is used to over¬ 
come the effect of residual magnetism and to eliminate friction. 

There are many induction-impedance relays in service, and 
they have fulfilled a real need in cutting down the time of operai- 
tion on systems where a number of sections in series have made 
selective definite minimum time settings too high for faults close 
to the generating sources. Also it has made possible the relaying 
of loops with more than one source of power. 

Satisfactory operation of induction-impedance relays is being 
obtained, but it requires careful and frequent maintenance in 
order to keep the relays accurately set. 

The high-speed reactance or impedance relay is now available 
and will give simpler and faster protection. Refer to Chap. XIII, 
for a complete analysis of high-speed relaying. 


GROUND RELAYING 

^^ItlsTJScumlhg common practice to ground all transmission and 
distribution systems either solidly or through resistance or 
reactance. This is due to many important factors which serve 
to improve materially the continuity of service. When a system 
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is grounded, it is highly desirable to supply ground-relay 
protection. 

An ungrounded system is likely to be often subjected to the 
arcing-ground disturbance. Arcing-ground disturbances are 
hazardous to insulation and act in such a way as to cause flash- 
overs at points far removed from the location of the initial 
flashover to ground. This causes relay operations which are 
difficult to locate and explain. 

An arcing-ground disturbance takes the nature of a high- 
frequency oscillatory voltage between line and ground. It 
occurs when one phase of a transmission line flashes over to 
ground. Severe oscillatory voltages then appear on the other 
two phases. Briefly stated, these voltages are caused by the 
negative-resistance characteristic of arcs in combination with 
the fact that the current passing through the arcing ground is a 
capacity current and therefore 90° out of phase with the voltages. 
Hence, when the current approaches zero and the arc goes out, 
the voltage on the lines is close to its maximum. This leaves a 
charge trapped on the system when the arc extinguishes. When 
the arc restrikes at a peak of the voltage wave, it discharges the 
condenser formed by the lines and the earth. High-frequency 
oscillations are generated which may reach several times the 
normal voltage between lines and ground. 

Ground-relay systems offer the most satisfactory and positive 
means of clearing short circuits. The ampere ratings of the 
relay coils are designed for more sensitive pick-up than can be 
accomplished by line-type relays. Ground relays can be set 
irrespective of load currents in that, under normal load condi¬ 
tions, there is no current flow through the ground relay. In 
other words it is a system of relaying which can be specifically 
designed for fault currents and does not have to be a compromise 
relay system such as is the case where settings must be used that 
will take care of load currents. Additional advantages can be 
listed as follows: 

1. Ground relays are independent, for all practical purposes, of surges 
due to switching, synchronizing, motor starting, and condenser starting. 

2. Ground protection is based on zero current in the relay under normal 
conditions, and therefore such protection can be made very sensitive- 

3. Ground relays can easily be made to opferate at high speed. 

4. The high attenuation of ground-fault current with distance gives an 
effective means of providing selectivity. 
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5. Ground relays operate fast enough to clear up faults with a minimum 
amount of damage to lines and equipment. 

6. In many cases systems of different voltages will not interchange ground 
current and make possible the setting of ground relays on one voltage system 
independently of those on another voltage system. 

Non-directional Ground Protection.—^The connection for 
residual or zero-sequence overcurrent protection is illustrated in 
Fig. 51. The ground relay may be of the instantaneous-plunger 
type or of the induction-ovcrcurrent type. The instantaneous- 
type relay is described in Chap. XIII. The induction-over- 



currcnt, Iq 

Fio. 51. Fig. 52. Fig. 53. 

Figs. 51, 52, and 53.—Schematic connections of overcurrent ground-relay 

systems. 

current relay is described in detail in the first few pages of this 
present chapter. (Refer to Figs. 1 to 6, inclusive.) The ampere 
tap values are 0.6 to 2.5 amp. and a characteristic load-time curve 
is shown in the upper curve of Fig. 5. The complete connections 
for three overcurrent line relays and one overcurrent ground 
relay are shown in Fig. 9. 

Non-selective Ground Rela 3 ring.—Figure 52 illustrates non- 
selective relaying of two circuits for protection of ground faults. 
Any unbalance of ground current in the two lines will operate 4he 
groimd relay and trip both breakers. For through faults (equal 
ground current in each line) no relay operation will result. 

Selective Ground Rela 3 ring.—Figure 53 illustrates selective 
ground relaying. The selective-differential relay has already 
been discussed and its connections are shown in Figs. 14, 15, 
and 18. In Fig. 13 are shown the complete connections for three 
line rela 3 rs and one ground-relay current balance selective relay 
applied to parallel lines. In Fig. 54 one grouhd balance relay is 
used in conjunction with cross-conbected line relays. 
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In Fig. 66 cross-connected duo-directional phase relays and a 
duo-directional ground relay are used in conjunction with auto- 
transformers and overcurrent relays to give complete parallel¬ 
line protection. 


Bus 


.mother? 

\phersesstmt/cn^ 



Grounct 

haiance 

retail 

Fia. 54. 


Fig. 55.—Application of duo-direc¬ 
tional ground-relay to cro. i-connected 
line-relay system. 


When loads are tapped to paired feeders with neutral current 
balance protection, a fault on the branch circuit does not affect 
the balanced neutral relays on the main circuit provided the 
tapped loads are taken through delta transformation as shown 



Fig. 66.—Current flow set up by faults on tapped circuits through delta-Y and 
Y-delta connected transformers. 

in Pig. 66. The vector sum of such currents is zero in the main 
circuit. A single-phase fault through a Y-delta bank is illus¬ 
trated on the right-hand feeder and a ground fault through a 
delta-Y bank is illustrated on the left-hand feeder. 





392 RELAY SYSTEMS—THEORY AND APPLICATION 


Directional Ground Relajring. —In Fig. 67 is shown the con¬ 
nection for obtaining residual or zero-sequence voltage Eq, which 
can be used in conjunction with residual current /o, to give 
directional ground protection. Internal connections for two 
types of overcurrent directional ground relays are shown in 
Figs. 23 and 24. Complete circuit connections for three line 
relays and one overcurrent directional ground relay are shown in 
Figs. 25 and 26. This scheme requires three potential trans- 
iiM formers connected star-star together with a set of 
““ small auxiliary potential transformers connected 
I ” star-delta. The directional-relay potential is con- 
WvwW nected inside the auxiliary-potential-transformer 
delta. The three main star-star connected poten- 
Ltf tial transformers must be grounded and connected 
directly to the circuit being protected. In other 
voi+age.Eo words, it is not possible to use low-tension poten- 
Fig. 67.— tial transformers for ground relays on the high- 
Schematic con- tension line. The auxiliary transformers are used 
obtaining aero- in Order to eliminate unbalanced delta voltages 
^uence volt- from interfering with line-type relay connections 
which are usually connected to the secondary of 
the main potential transformers. 

Effect of Solid Grounding of System Neutral on Relays 
Utilizing the Residual Voltage.^ —It is important to give careful 
consideration to the transformer-neutral grounds or unsatis¬ 
factory relay operation is likely to result. Residual voltage may 
be very limited in case of a ground fault on a system with neutral 
solidly grounded, provided the fault resistance is of such magni¬ 
tude as to have appreciable voltage drop. 

As already explained, the standard means of securing the 
residual voltage (resultant of the phase-to-ground voltages) 
is to open one comer of a delta-connected secondary of three 
potential transformers whose primaries are connected in star 
with grounded neutral. This is further illustrated in the right 
portion of Fig. 58. It will be noted that the potential-trans- 
former-secondary voltages are proportional to the phase-to- 
ground voltages of the system, and on account of the delta 
connection any voltage appearing across the opened corner of the 
^ Acknowledgment for this analysis is^pade to E. H. Klemmer. 
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delta is the vector sum Fi<? + Vm + Vw or the resultant of the 
three phase-to-ground voltages. 

Under normal conditions the phase-to-ground voltages Via, 
F 20 J aiid F 30 form a balanced system of three-phase vectors and 
hence their resultant voltage is zero. Figure 59 illustrates 
vectorially this condition of no fault and applies whether the 
system neutral N is grounded or ungrounded. 


iSys/em imp. 

Jo fault 

: (Neutral rf^ance/ i Fau/t resistance 
■ if present 

,/ Grounol 



'1 *VS6 


Source of ^ v u 

ground cur, ground star^delta 

Fia. 68.—Schematic system connections used as basis for vector diagrams, 

Figs. 69 to 64. 


In the accompanying vector analysis ABC represents the 
generated e.m.f. triangle, and 123 the terminal-voltage triangle 
at the point of fault. iV represents the neutral poin. of the 
system, and G designates ground potential, which is used as a 
reference. Therefore, Bus, and Et,c are the generated star 
voltages; Vw, Vw, and Vzs are the phase-to-neutral voltages; 
and Fio, Fw, and are the phase-to-ground voltages whose 
resultant is designated Fe«. From the connection diagram. 
Fig. 58, it can be seen that Vai is the voltage 
drop across the system impedance to the point 
of fault. Via is the voltage drop across the fault 
impedance, and Fo.v is the voltage drop across 
the neutral impedance. In this analysis all 
impedances are considered as pure resistances Fiq. 59.-Nor- 
for simplicity. This simplification makes all g fauu. 
the voltage drops in phase and, therefore, gives 
a clearer picture of their relative effect. Actually, reactance is 
present, which wiU cause considerable skewing of the voltage 
triangle with respect to the e.m.f. triangle. 

Figure 60 shows the vectors for a solidly grounded neutral 
system having a zero-resistance fault on phase 1 to pound. 
In this case phase 1 assumes ground potential and hence Fw 0 , 
while F,. and F«, remain almost normal. The resultant voltap 
Fes is therefore equal and opposite to the voltage Fw before it 
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was collapsed. Similarly, if phase 2 were grounded, the residual 
voltage would be equal and opposite to the normal phase 2 to 
ground voltage Fso, and, if the ground fault were on phase 3, the 
residual voltage would be equal and opposite to the normal Vza, 



Fio. 60.—Source neutral solidly 
grounded. Zero resistance ground fault 
on phase 1. 



Fiq. 61.—Source neutral solidly 
grounded. High-resistance ground 
fault on phase 1. 


In case of resistance in the ground fault, the voltage drop 
across the fault resistance keeps the voltage V\q from collapsing. 
If the fault resistance is high, so as to be the chief factor in deter¬ 
mining the magnitude of the fault current, the voltage drop 
across the fault will keep the voltage Via practically normal. 
Consequently, the resultant of the phase-to-ground voltages is 
practically zero, which makes it impossible to secure satisfactory 
relaying. Such a condition is illustrated by Fig. 61, which, it 

i will be noted, approaches the normal con¬ 
dition shown in Fig. 69. The residual 
voltage in this case is only equal and 
opposite to VAlt the voltage drop in the 
faulty phase, which is small since most 
^ ^ ^ ^ of the e.m.f. Ena is used up as drop across 
the fault resistance, shown as Via. 

Q ^ The next three figures illustrate how 

Fig. 62.—System neu- the residual voltage in case of a ground 

m^er»to“vriue of* rS Can be materially increased if the 

anoe. Zero-resistance system neutral N is caused to shift with 
ground fault on phase 1. j-ggpegt ground potential G, by con¬ 
necting the ground-current source neutral to ground through 
a resistor. In this case any .ground current through the resistor 
causes a voltage across the neutral resistor with the result that 
the source neutral N must shift with respect to ground potential 
Q. 

Figure 62 shows the vectors for the case of a solid ground fault 
enooimtering only resistance in,the system and in the neutral 
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Fia. 63.—System neu¬ 
tral grounded through 
moderate value of resist- 
a n c e. H i gh-resistance 
ground fault on phase 1. 


in which the point N shifts along the line of the faulty phase 1 to 
ground voltage. The shift in the system neutral, represented by 
the voltage drop Vqk for the case illustrated, is one-half the 
normal voltage Vig, which means that the 
neutral resistor has ohms equal to the 
remaining ohms in the ground circuit, 
whose voltage drop is represented by the 
line A-1. Since this figure also considers a 
solid ground fault, 7io = 0 and the result¬ 
ant of the phase-to-ground voltages Vqr * 

F 20 + VzQ. This residual voltage is of 
appreciable magnitude, being double Vgr 
of the solidly grounded-neutral case for 
a solid ground fault illustrated in Fig. 60. 

Figure 63 considers a case similar to Fig. 62 except that the 
fault itself has high resistance so that most of the e.m.f. Eka is 
used up across the fault, shown as Fio, but little across the neutral 
resistor which is shown as Vqnj and still less 
within the system which is shown as Owing 
to the shift of the system neutral with respect to 
ground, which is represented by Foy, the result¬ 
ant of the phase-to-ground voltages F< 7 « is still 
appreciable, assuring good relay action. The 
reason for this can be better understood by con¬ 
sidering Fig. 64, the case of a phase-to-ground 
fault on a system with ungrounded neutral, 
where the voltages to neutral hold up; but the 
neutral N takes the extreme shift as a result 
of phase 1 assuming ground potential. The 
residual voltage Vgr = Vig Vzq + Vzq, but, 
since Fia = 0, 

^20 = F2y + VnGi 

and VzG = VzN + Vng, it will be found that 
Vgr = 0+ F2Jv^ + F8y + 2Vsg* 



Fiq. 64.—Sys¬ 
tem neutral un- 
grounded or 
grounded through 
high resistance. 
Ground fault on 
phase 1. 


Also, since in this case Fiv, Vvf, and Fsv are equal, respectively, 
to JSaat, EsNi and EcNy which are a balanced system of three-phase 
vectors, F 2 Y + V^k « Vjn, Therefore,,Fo« = Vni + 2Fj\ro, and 
since in this case Fyi = Fy<?, it follows that F<?ij = ZVifG» Hence, 
in case of a ground fault on an ungrounded system, the resultant 
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of the phase-to-ground voltages is equal and opposite to three 
times the shift in the system neutral with respect to ground 
potential. It has previously been shown in connection with 
Figs. 60 and 61 that, if the system neutral is tied solidly to 
ground so that it cannot shift with respect to ground, the residual 
voltage is equal and opposite to the voltage drop Vai in the 
system's faulty phase-to-neutral voltage. Returning now to 
Figs. 62 and 63, it can be shown in a similar manner that if there 
is a shift in the neutral as well as a drop in the faulty phase-to- 
neutral voltage, VaR = ZVnq + Via = — (SFoat + Fai). There¬ 
fore, the residual voltage in case of a ground fault is equal and 
opposite to three times the system-neutral shift with respect to 
ground plus the drop in the faulty phase-to-neutral voltage 
between the source of e.m.f. and the point of fault. 

Since the grounded star-delta potential scheme inherently 
multiplies any shift in the system neutral by three, it is especially 
effective in producing residual voltage if the system neutral is 
caused to shift with respect to ground at the time of ground faults. 
This can be readily accomplished by inserting an impedance 
between the system neutral and ground. A comparative analysis 
of Figs. 60 and 61 with Figs. 62 and 63, respectively, will bear 
this out. 

Of course, in case of very high resistance in the fault, such as 
approximated by Fig. 63, the ground current may be so small as 
to produce very little shift in the system neutral, in which case 
the normal condition shown in Fig. 59 is again approached. 
High resistance as here used may be defined as one which is 
almost solely responsible for the magnitude of the ground current 
which can flow, so that almost the entire normal voltage to neutral 
appears as voltage drop across it. Similarly, moderate resistance 
as here used is such that only approximately one-half the normal 
voltage to neutral appears as drop across it. 

Since in the lower voltage systems the normal voltage to neu¬ 
tral is correspondingly low, it follows that ordinary fault resist¬ 
ances such as are encountered on wood-pole lines may appreciably 
limit the magnitude of the fault current, the shift in the system 
neutral, and the magnitude of the residual voltage. The ade¬ 
quacy of the residual voltage in case of high-resistance ground 
faults is, therefore, an important consideration where residual 
voltage is used for directional relaying of ground faults. This is 
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because the directional ground relays which should respond 
may not function on account of insufficient voltage, and, con¬ 
sequently, the non-directional ground relays nearer the source of 
ground current, which function on current alone, may trip out a 
large portion of the system. To obviate this, the magnitude of 
the residual voltage should be checked for the smallest current 
which will operate the non-directional ground relays. 

Since the cost of neutral resistors increases rapidly with 
decreasing resistance, there is no advantage in going to the lower 
ohmic value unless it is to allow more reactive current to flow to 
neutralize residual charging current of the system so as to 
avoid excessive voltage stress to ground on the good phases. 
In this event, though, it may be preferable not to reduce the 
ohmic value but to make the neutral impedance partly or entirely 
reactive. Introducing reactance in the neutral increases the 
angle of lag to the ground-fault current behind the residual 
voltage, and, if the neutral impedance is entirely reactive, the 
angle of lag approaches 90°. Hence, if residual current and 
residual voltage are applied to a relay directional elemeni, having 
true wattmeter characteristics, low torque may be expected 
if the system neutral is grounded through reactance alone, due to 
the current and voltage being nearly at right angles. Moreover, 
phase-angle errors in the instrument transformers may actually 
lead to reversed torque that would result in incorrect relaying. 
Therefore, in studying the effectiveness of grounding the system 
neutral through an impedance which is partly or entirely reactive, 
or of a system which has its neutral solidly grounded, considera¬ 
tion must be given not only to the magnitude of the residual 
voltage but its phase relation with the fault current as well. 

This is in general the same situation encountered in line relay¬ 
ing but is of even more importance in that the relatively high 
value of zero-sequence reactance of a transmission line produces a 
decided lagging fault current with respect to the voltage, if the 
fault occurs any distance at all out on the line. To take care of 
this condition, ground-overcurrent directional relays have an 
inherent compensation of 15°. In other words, maximum torque 
is produced in the relay when the current in the current coil lags 
the voltage of the potential coil by 15°. 

In cases where the 15° compensation is not sufficient, addi¬ 
tional compensation can be secured by the use of an external 
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phase shifter. This consists of a resistor and reactor connected 
in series, as in Fig. 65. The compensator is coimected inside the 
delta of the auxiliary transformers, and the relay is connected 
across the resistance portion of the compensator. In Fig. 66 is 
shown a simple vector diagram illustrating the use of the external 
.phase shifter. Voltage Bx is shown vertical. It is the resultant 
voltage produced within the delta of the auxiliary potential 
transformers when a fault occurs between line 3 to ground. The 
voltage Bx is made up of By and Yx. The resistance and 
reactance of the phase shifter are approximately equal, so that 
there will be an angle of 45® between Bx and By. For 100 per 




Fig, 65, —Schematic diagram of Fig. 66. —Vector diagram of phase 
phase shifter for ground relays. shifter shown in Fig. 65. 

cent power factor, Iz is in phase with Bx* Hence, a 45® power 
factor will put /s in phase with By* The relay itself is com¬ 
pensated for 15®, so that a lag of 60® will produce maximum 
torque. 

On low- and medium-voltage systems, where fault resistance 
may produce considerable voltage drop across the fault, it is 
desirable to ground the system neutral through impedance rather 
than solidly, in order to insure ample residual voltage for relaying 
purposes. So-called solid grounding of the neutrals of high- 
voltage systems is permissible in that the attending heavy ground 
currents produce considerable drop in the faulty phase-to-ground 
voltage. Moreover, since it is impracticable to make a neutral 
connection devoid of resistance, some shift of the system neutral 
with respect to ground will occur, due to the heavy ground cur¬ 
rent passing through the neutral contact resistance. Both the 
drop in the faulty phase-to-ground voltage and the shift in the 
system neutral with respect to ground insure residual voltage in 
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case of ground faults. The shift in the system neutral is espe¬ 
cially effective in producing residual voltage since any shift is 
inherently multiplied by three. 

Directional Ground Relajdng without the Use of Potential 
Transformers.—An overcurtent directional ground relay without 
potential windings may be used at the stations where the trans¬ 
former high-tension neutrals are grounded and sufficient ground 



Fig. 67.—Overcurrent directional relay polarized by current transformer in 
neutral of power transformer. 


Sforfion bus 



Fig. 68.—Overcurrent directional relay polarized by voltage drop across neutral 

resistor. 


current will flow under all conditions to operate the directional 
element. This directional element consists of two current coils, 
one connected in the neutral of the line current transformers and 
the other to the current transformer in the transformer-bank' 
neutral, as shown in Fig. 67. The use of high-tension potential 
transformers is thereby eliminated. As the residual line current 
and transformer-neutral current are yery nearly in phase, the 
relay is designed so that the directional element develops nuud- 
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mum torque under these conditions. The relay element con¬ 
nected to the transformer-bank-neutral current transformer 
polarizes the relay, similar to the potential-transformer connec¬ 
tion shown in Fig. 25. 

An alternate scheme, shown in Fig. 68, may be used where the 
neutral is grounded through a resistance. The drop across the 

resistance when a fault occurs 
, supplies potential for the opera- 

of directional element. 
ClHr The application of relays to 

^ I systems having more than one 

crr/Minrlorl nmi+rol ririinf. Torimiroa 


6enfrtriorl^S<^0kva.,Transient reactance 20% 
Transft^mer A'SOfiOOha. J7JZ2kv.,reaciance 8% 
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Fig. 69,—^Loop system with three points 
solidly grounded. 


grounded neutral point requires 
a careful consideration of 
ground-fault currents. In 
many loop systems the trans¬ 
formers at the substations are 
connected in delta on the low- 
tension side and in star with 
grounded neutral on the high- 
tension side. Each neutral 
may be solidly grounded or 
grounded through resistance or reactance, a system with three 
solidly grounded neutral points being shown in Fig. 69. 

Ground-fault Currents.—^The ground-fault currents on such a 
system are radically different than for a system with only a single 
ground. The greater portion of the fault current flows through 
the grounded neutrals of the transformers adjacent to the fault, 
only a smaller part flowing in the grounded banks beyond the 
faulted section. The magnitude and distribution of the ground 
current for a particular fault depend upon the relative magnitude 
of the impedances of grounded transformer banks and the zero- 
sequence reactance of transmission circuits. 

In Fig. 70 are shown the magnitude and distribution of the 
positive-, negative- and zero-sequence currents for a line-to- 
ground fault at Station B on the system shown in Fig. 69. 
Positive- and negative-sequence currents can flow only from the 
Generating Station A, while zero-sequence currents can flow 
through the transformer neutral at Stations A, C, and E. Con¬ 
sequently, the distribution of tfie zero-sequence currents is 
entirely different from that of' the positive- and negative- 
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sequence currents. It is assumed that the positive- and negative- 
sequence networks are identical. In general, very little error is 
introduced by this assumption and the numerical calculations 
are considerably reduced. 

The total current in the grounded phase, and the residual line 
currents and transformer-neutral currents are also shown in 
Fig. 70. It should be remembered that the total current in the 
grounded phase at a particular point in the system may be con¬ 
siderably different from the residual current. The residual 
current, equal to the vector sum of the three phase currents, 
is also equal to three times the zero-sequence current. Since 



Fig. 70.—Fault currents of loop system with short circuit at Station B. 


the total zero-sequence current divides equally through the three 
phases, the total current in the neutral of star-connected current 
transformers is three times the zero-sequence current in one 
phase. The distribution of the zero-sequence current depends 
entirely upon the relative impedance of the various branches 
of the zero-sequence network and is independent of the distribu¬ 
tion of the positive- and negative-sequence currents. The 
total current in the grounded phase at any point in the system 
is equal to the summation of the positive-, negative-, and zero- 
sequence currents at the same point in each network. An 
inspection of Fig. 70 shows that, since the positive- and negative- 
sequence currents are quite different from the zero-sequenoe 
currents, in certain branches of the circuit, the total current in the 
grounded phase and the residual current at corresponding points 
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will therefore be different. To clarify these current relation! 
an example of the calculations for a fault at is given undei 
Calculation of Groimd-fault Currents, page 413. 

The total ground current and the current in the neutral oi 
each transformer are shown in Fig. 71 for faults at various points, 
Fig. 72 showing the current in the grounded phase and the resid¬ 
ual currents. It will be noted that the current supplied by any 
transformer drops off quite rapidly as the fault moves farther 
away from the transformer. 
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Fig. 71. —Total ground current and neutral current for faults at various locations 
of loop system, Fig. 69. 

In Fig. 73 are shown the phase relations of the currents and 
voltages for a fault at B and with the distribution of sequence 
currents shown in Fig. 70. These relations are based on the 
assumption that the system impedance is pure reactance. 

Several types of ground relays are applicable to the loop 
system with more than one grounded neutral point. 

The most simple type of protection is secured by the use of 
the overcurrent directional ground relay, as shown in Figs. 26, 
67, and 68. This relay, however, is not entirely satisfactory foi 
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this system because the time setting of the relays nearest the 
generating source must necessarily be high in order to secure 




Fig. 72.—Current in grounded phase and residual current at various locations in 
loop system, Fig. 69. 



Phoise Reloi+ions of Currents and Volloges 

Fig. 73.—Phase relations of currents and voltages with fault at Station B of loop 

system, Fig. 69. 

selectivity around the loop. Because of this, a severe system 
jolt would result from heavy faults near the generating source. 

Directional Residual Volt-ampere Relay.—Satisfactory ground- 
fault protection can be secured on the system by using a residual 
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voltrampere relay connected as shown in Fig. 74. This relay is 
actually a watt relay but may be compensated to have its maxi¬ 
mum torque when the residual current is lagging the residual 
voltage by the phase angle of the most common system faults. 
It is inherently directional and its characteristics combined with 
those of the system are such as to give an action somewhat similar 
to the impedance relay. The residual current and voltage, each 
equal to three times the zero-sequence current and voltage, 
respectively, are applied to the relay coils. Since the zero- 
sequence currents and voltages are greater the closer the fault 



Fig. 74.—Residual volt-ampere relay connections. 


is to the relay, the relays nearest the fault have the fastest 
operation. 

The zero-sequence voltage increases from zero at the grounded 
neutral points, through the transformers and transmission lines, 
to a maximum at the fault. The transformer neutral having the 
lowest impedance path to the fault carries the greatest amount of 
ground current. The operating force on the relay, equal to the 
product of the residual current and voltage, is shown in Fig. 75 
for various fault locations. The current- and potential-trans¬ 
former ratios were assumed to be 40:1 and 1200:1, respectively. 
An inspection of Figs. 73 and 75 indicates that the greatest 
product is always nearest the faults Figure 73 is based on the 
assumption that there is no resistj^nce in the system. Actually 
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the zero-sequence current and voltage will be more nearly in 
phase than shown, due to the fact that some resistance is always 
present 



0 5 10 15 20 25 -30 35 40 45 50 55 

Ohms Reoictcince from Station A 

Fig. 76.—Product of residual currents and residual voltages for various locations 
of fault in loop system, Fig. 69. 
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Fia. 76.—Internal connections of residual volt>ampere relay. 


It will be noted in Fig. 76 that the operating forces on rela]rs 
Bi and Ci approach each other for faults in section AB. In 
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this case proper selectivity is secured by means of the time-lever 
adjustment. 




The internal connections of one type of directional residual 
volt-ampere relay, for application as shown in Fig. 74, is illus¬ 
trated in Fig. 76. The lower pole is polarized with residual 
voltage, the upper pole being connected in the residual-current 
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ciroiiit. The internal connections of a second type of directional 
residual volt-ampere relay is shown in Fig. 77, with complete 
connections illustrated in Fig. 78. The characteristics of the 
relay (Figs. 77 and 78) are given in Fig. 79. The time-current 
curves are based upon rated potential with 46° phase angle 
between voltage and current. The residual potential as well as 
the residual current should be known for fault conditions. The 
abscissa values in Fig. 79 are in terms of multiples of rated tap 



Multiples of Rated Tap Current 

Fig. 79.—Operating characteristics of residual volt-ampere relay shown in 

Figs. 77 and 78. 

current at 115 volts and 45® phase angle. One-half normal 
voltage at the relay with 45® phase angle would cut the abscissa 
value of Fig. 79 in half. Corrections for phase angle other than 
45® angle should likewise be made. 

Second Generating Station.—transmission system identical 
with that previously discussed, except for the addition of a 
generating station at D, similar in rating and reactance values 
to that at A, is shown in Fig. 80. ifhe distribution of positive-, 
negative-, and zeronsequence currents for a fault at JS is shown 
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in Fig. 81, as well as the current in the grounded phase and the 
residual current in each branch of the circuit. The total ground 
current and the current in each transformer neutral are shown 
in Fig. 82 for various fault locations, and in Pig. 83 are given the 
currents in the grounded phase and the residual line currents. 


ABC D 

O^^AAAA;^/^>^^>./W^/W^AQfOVVVVV^/^/^^ 

WwYi 

P P 

wyA/Ya, 

/V^ 

Fig. 80.—^Loop system with two generating stations and four grounding points. 


Directional Residual Current Relay.—The directional residual 
current relay is especially applicable to systems where all trans¬ 
former neutrals are solidly grounded. The connections for this 
relay are shown in Fig. 84, no high-tension potential transformers 
being required. Although the connections are the same as for 



—>• Residual current 
—^Current in grouncted phase 

Fig. 81.—Distribution of short-circuit current with a line-to-ground fault at 
Station B, Fig. 80. 

the directional overcurrent relay (Fig. 67), its characteristics 
are considerably different, as it operates on the product of the 
residual line current and the transformer-neutral current. The 
relay is directional and has an inverse characteristic, the ratio of 
the current transformer in the neutral connection being chosen 
so as to give the correct operating time. 
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Fig. 82. —Total ground currents and neutral currents for various locations of 
fault of loop system, Fig. 80. 



Fig. 83. —Currents in grounded phase and residual currents for various locations 
of fault of loop system^ Fig. 80. 
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The internal connections for this relay are the same as shown 
in Fig. 76, with the exception that the lower pole is a current 
winding and not a voltage winding. The lower winding is 



Fig. 84.—Directional residual-current relay system. 


polarized by current from the neutral of the power-transformer 
bank. Typical time-current curves are shown in Fig. 85. 

The operating torque of the relays applied at Stations A, C, E, 
and D are shown in Fig. 86 on the assumption that all current 



transformer ratios are 40:1. Thd relay nearest the fault operates 
in the shortest time, as the relay torque increases rapidly as the 
fault location approaches a grounded neutral point. 
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Figs. 86 and 87.—Operating torque charaoteristics of relays applied to loop 

system, Fig. 80. 
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There are no grounded neutrals at Stations B and F, and at 
these two points the residual volt-ampere relay (Fig* 74) may be 
applied. The volt-ampere operating torque of these relays is 
shown in Fig. 87 for various fault locations. It will be noted that 
the system characteristics are such as to produce a good operating 
torque for each relay. 

The relay of Fig. 84 may be used as a simple residual over¬ 
current relay where the directional feature is not necessary, the 
connections for this arrangement being shown in Fig. 88. The 
inverse characteristic of the relay gives better selective timing 
in some cases than a definite-time overcurrent relay. An exam¬ 
ple of such a case is where a radial circuit is fed from a substation 
in a loop or a station in a double-circuit line. The loop circuit 


Sfafion hus 



Fig. 88.—Residual ovorcurrent relay system. 

may be protected by inverse time relays, and these must afford 
back-up protection for the relays in the radial feeder. Using 
the relay connected as in Fig. 88, it is possible to secure selec¬ 
tivity with the loop relays because of the similarity of the char¬ 
acteristics of all relays. The use of definite-time relays on the 
radial feeder would necessitate increasing the time settings of the 
loop relays which afford back-up protection. 

On systems where the neutrals are solidly grounded, it may be 
found that there is little difference between maximum and 
minimum ground-fault currents. It is sometimes desirable on 
systems of this type to use instantaneous overcurrent relays in 
addition to the inverse-type relays. In these cases the instan¬ 
taneous overcurrent relay must be set sufficiently high so that 
it will operate only for heavy faults within its own section. The 
majority of heavy faults within t^t section will then be cleared 
by means of the instantaneous r^ay. 
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The principal objection to the use of a residual-current ground 
relay is the difficulty in determining the proper setting. In 
applying this type of relay, a very careful study of the ground 
currents must be made to determine the proper transformer 
ratios at the various stations. Since a residual-current ground 
relay is seldom used on any but important lines, such a study is 
well worth the time required. 

Local conditions will so influence the system layout that it is 
improbable that any two loops will be the same. However, all 
loops originate from the same fundamental plan and the princi¬ 
ples of relay application developed above may be readily expanded 
to cover any case. A loop network which might appear difficult 
to relay, after careful analysis and determination of the limiting 
operating conditions, generally reduces to a form to which 
standard relaying schemes are applicable. 

Calculation of Ground-fault Currents.—^The calculations for 
the currents and voltages shown in Figs. 70 and 73 for a line-to- 
ground fault on phase a at Station B are given in the following 
example. 

The equivalent impedance of the positive-sequence network 
from the generating source to the fault is 111.38 ohms and the 
equivalent impedance of the negative-sequence network is 
assumed to be the same. The equivalent impedance of the zero- 
sequence network from the three grounded neutrals to the fault 
is 42.2 ohms. 

The positive-, negative-, and zero-sequence currents, respec¬ 
tively, in the grounded phase at the fault are given by the 
expression 

/al = lai = /aO = + z] + Zo 

where En is the voltage to neutral; and Zi, Z^, and Zo are the 
positive- negative-, and zero-sequence impedances, respectively, 
to the fault. 

Since we are dealing only with pure reactance, if the phase of 
the reference voltage is taken as imaginary, the currents /.i, 
/«», and /oo will be real. The choice of the phase position of the 
voltage is arbitrary, but by making the voltage imaginary the 
negative imaginary terms for currents are eliminated. 
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For the particular case, the sequence currents at the fault are 

^-0 - j(iiT.38-+-ni;38+l2:2) 288 amp. (2) 

The total short-circuit current in phase a at the fault is 

h “ 1.1 + /.»-h 7.0 » 288 -h 288 -1- 288 = 864 amp. (3) 

The current distribution in the individual networks can be 
found in the usual manner by working back through the original 
network reduction which was made in finding the equivalent 
impedance of each network. The total current and the current 
in each branch in phases b and c can be found from the currents 
in phase a: 

It, — laO + 0*/ol + alai (4) 

Ic = lad + dial + 0*7oS (5) 

The formulas give correct results if the positive direction of 
current flow chosen in the three networks is the same. 

The total ground or residual current at the fault is equal to the 
total short-circuit current in phase a and is also equal to three 
times the zero-sequence current: 

la — 37.0 = 3 X 288 = 864 amp. (6) 

The sequence components of phase-to-neutral voltage and the 
line voltages may be found after determining the sequence cur¬ 
rents and their distribution through the networks. The positive- 
sequence voltage at any point is equal to the generator voltage 
minus the positive-sequence drop from the source to the point. 
For example, the positive-sequence voltage at Station C is equal 
to the generated voltage to neutral minus the drop through the 
generator and transformer and around the loop to the right to C. 
The positive-sequence voltage at C is then, referring to Fig. 70a. 

Eai = +i76,200 - (288 X j98 41 X j78) 

- -t-i44,600 volts (7) 

The negative-sequence voltage at C is equal to the generated 
n^ative-sequence voltage minus the negative-sequence drop 
from the source to C. The generated negative-sequence voltage 
is zero. The^ore, referring to ilg. 70b, the negative-sequence 
voltage at C is 

- 0 - (288 X^ + 41 Xi78) 

-■ —j31,400 volts 


( 8 ) 
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In like manner for the zero-sequence network (Fig. 70c), the 
voltage at C is equal to the negative of the drop from the source 
to C. The source in this case is the transformer at C, having a 
zero-sequence impedance of 70 ohms: 

^ao = 0 - (94 X j70) = -i6580 volts (9) 

The voltage of phase a at Station C is equal to the summation 

of the sequence voltages: 

Ea = Eai + Ea2 + Eao = +^*44,600 — ^31,400 — j6580 
= +j6620 volts (10) 

The residual voltage is equal to three times the zero-sequence 
voltage: 

En = = 3(-i6580) = -il9,740 volts (11) 

The line-to-neutral voltages of phases h and c can be found 
from the sequence components of voltage for phase a using the 
expressions 

Eh = EaO “1“ O^Eal “t“ (^Ea2 (12) 

Eo = EaO + 0>EaX 4" d^Eal (13) 

Substituting the numerical values: 

Eh = -i6580 + (-0,5 ~i0.866)(+i44,600) + (-0.5 +y0.866) 

(-i31,400) = 65,840 - il3,180 (14) 
Ec =i6580 + (-0.5 +i0.866)(+i44,600) + (-0.5 - yo.866) 

(-i31,400) = -65,840 -^13,180 (15) 

Voltage Relay. ^—Overvoltage relays connected in the comer of 
the delta of three star-delta connected potential transformers may 
be used to indicate these unbalanced voltage conditions. Under 
normal operating conditions there is no current flowing in the 
delta, and the relay potential is zero. In case of a ground on the 
line, this voltage becomes quite large. Harmonics and large 
charging currents may seriously upset such a scheme, but their 
effect can usually be eliminated by adding a load across the 
secondary of each potential transformer. This arrangement 
only indicates a ground fault but does not locate it. It is applic¬ 
able, then, for tripping breakers only on single feeders, or a series 

^ A part of these data have been obtained from W. W. Edson, Trans¬ 
mission System Relay Protection, Pt. Ill, Traw. A.LE.E*^ vol. 49, p. 1213, 
1930. 
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of radial feeders, where selective timing may be used. (Refer 
to Fig. 89.) 

High-impedance Grounded Systems.—^The ground protection 
of high-yoltage systems using a relatively high-impedance 
ground presents a difficult relay problem. It is particularly 
pertinent that such faults be relieved, since dynamic current 
actually flows to ground and not, as in the case of isolated sys¬ 
tems, only a charging current. Moreover, high voltages may 
appear on the system during such a ground fault, and simultan¬ 
eous faults may be avoided if the ground fault is relieved quickly. 

The ground-relay system must obviously operate on a small 
amount of current to ground, thus requiring sensitive relays. 



Fig. 89.—Overvoltage relay system. 


Current-transformer circuits connected to such relays must be 
accurately balanced, as an improper unbalanced secondary 
loading will pass load current through the sensitive ground relays 
and operate them incorrectly. Ordinarily the relay volt-ampere 
burden is high, and care must be taken that the current trans¬ 
formers are not overburdened. 

Another problem of such relays is to take care of simultaneous 
faults on opposite phases on separate parts of the system. 
Power-factor conditions over an extreme range may be presented 
to the relays, and it is impossible for the relays to detect correct 
current-operating conditions fronoj. incorrect ones, under such 
circumstances, at certain locations on the system. The most 
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practical solution for such a condition has been to lock out the 
ground relays during simultaneous faults and allow phase relays 
to function to relieve the disturbance. This is accomplished by 
utilizing the short-circuit current which flows in the neutrals 
under these conditions to operate lockout relays which render the 
directional ground relays non-operative. 

If the ground current is sufficient to produce a difference in 
voltage drop between stations, impedance ground relays which 
are introduced by fault-detector relays during a disturbance 
may be used. (Refer to Fig. 90). These fault detectors are 
usually a combination of overcurrent and undervoltage relays. 



Fig. 90.—Fault detector-impedance relay system. 


Overcurrent directional relays of 0.5- to 2.5-amp. type in some 
cases can be used with fault-detector relays to isolate line sec¬ 
tions with short-circuit currents less than full-load-current rating. 

Charging Currents.—When one phase of the system is grounded, 
there immediately appears on all conductors a charging current to 
ground. On a large system, this charging current is of sufficient 
magnitude to operate relays. It increases in magnitude as the 
point of fault is approached. It appears in the residual circuit 
of three star-connected current transformers and may be used to 
operate directional overcurrent relays. The potential for the 
relays is usually taken from the corner of star-delta connected 
potential transformers, as described above, if high-tension 
potential transformers are present, but potential may be supplied 
from the low-tension side of the powet transformers if necessary. 
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There are but few high-voltage systems operating ungrounded 
so that the details of this form of relaying are not here included. 

AUTOMATIC RECLOSING OF OIL CIRCUIT BREAKERS 

In an attended station, the usual operating instructions direct 
that, when a feeder breaker opens due to faults, the operator 
wait a definite length of time and then reclose the breaker. If 
after this first reclosure the breaker fails to remain closed, the 
operator follows a definite schedule for closing the breaker a 
predetermined maximum number of times. The advantage 
gained by automatically reclosing feeder breakers became appar¬ 
ent about 10 years ago, with the result that a large number of 
automatic reclosing equipments have been installed. 

Most of the installations have been made on stub or radial 
feeders on which lighting load predominated. In general, it 
was found that a cycle whereby a breaker is closed 16 sec. after 
its first opening, 30 sec. after its second opening, 75 sec. after 
its third opening, and locked out on a fourth opening was a 
desirable standard. The 15-sec. interval was an arbitrary choice 
and represented a marked improvement over previous manual 
reclosing, sufficing as a minimum value up until recently when 
developments started on instantaneous reclosing. The remaining 
intervals also were arbitrarily chosen, with some consideration 
toward lessening the duty on the oil circuit breaker in case of 
successive operations. 

Immediate Initial Reclosing. ^—Operating engineers have for 
several years recognized the advantages of reducing the initial 
reclosing time to a minimum, since the 15-sec. time interval 
commonly used is after all an arbitrary figure. 

In the past, one of the main limitations to shortening the 
reclosure time intervals has been that of the circuit breaker. 
Circuit breakers of the plain break design inherently have a long 
arcing time, thereby causing considerable carbonizing of the oil 
and formation of gas and high pressures within the breaker tank. 
With the advent of improved arc-extinguishing devices in modem 
breakers, this objection has been eliminated. This has been 
recognized by the joint committee of the Edison Electric Insti¬ 
tute, Association of Edison Illuminating Companies, and the 

^Andbrson, A. E., Automatic Redoing of Oil Circuit Breakers, EUc. 
Eng.y January, 1934. 
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National Electric Manufacturers Association^ in the reconunenda- 
tions shown in Table I. 

Tablb I.—Oil Circxtit-breaker Preferred iNTBRRupriNa Ratings 

The duty cyple of an oil circuit breaker shall consist of a specified 
number of unit operations at stated intervals. 

Each unit operation shall consist of a closing of the circuit breaker, 
followed immediately by its opening without purposely delayed action. 

The standard interrupting rating (standard duty cycle) of an oil circuit 
breaker shall be based on two unit operations with a Ifi-sec. interval 
between operations. 

Interrupting ratings for other duty cycles shall be as specified below. 


Number 

Total 
number of 
unit 

operations 

Percentage of standard interrupting rating at cur¬ 
rents specified 

of 

groups 

0 to 
6,000 
amp. 

6,001 to 
10,000 
amp. 

10,001 to 
20,000 
amp. 

20,001 to 
40,000 
amp. 

Above 

40,000 

amp. 


Successive unit operations with 16-sec. intervals 


2 





100 

4 

95 

95 


85 

80 

8 

85 

80 

70 

55 

50 

16 

75 

65 


35 



Groups of 2 unit operations with zero‘ second interval between 
operations and 2-niin. intervals between groups 


1 

2 


85 

75 

66 

60 

2 

4 


76 

60 

45 


4 

8 . 

70 

65 

50 

35 


8 

16 


55 

40 

25 



Groups of 4 unit operations with 0-15-60-sec. intervals between 
operations and 2-min. intervals between groups 


A 

85 


65 


8 

16 

75 


65 


65 


46 



Noth: It is intended that satisfactory performance of breakers Arill be obtained under the 
rating schedule suggested at rates of recovery voltage normally encountered in practice. 

1 Zero second shall be interpreted to mean no intentional time delay. 

Under a new schedule, oil circuit breakers are to be rated upon 
two unit operations, each consisting hf a closing of the breaker, 
followed ioomediately by its opening without purposely delayed 
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action, with a 15-sec. interval between the unit operations. 
Any other number of unit operations or groups with other time 
intervals shall involve derating down to as low as 25 per cent for 
eight groups of two unit operations at 2-min. intervals. Pro¬ 
vision is also made in the table for no delay between operations 
and for 0-15-60 sec. between them, with 2-min. intervals between 
groups of operations. 

Standfird oil circuit breakers and mechanisms are available 
having minimum operating times (from energizing the trip coil 
to closing the breaker contacts) in the order of 30 to 75 cycles, 
on a 60-cycle basis, depending on the type and rating of the oil 
circuit breaker and the form of mechanism; the shorter times 
being obtained on lower voltage ratings operated by solenoid 
mechanisms. 

Trip-free mechanisms utilize a latch that must reset before 
the closing force is applied to the breaker and in most cases 
require a latch-checking function, such as a switch in the reclosing 
circuit actuated by the latching mechanism. Trip-free mech¬ 
anisms incorporating latches with suitable resetting speeds do 
not require the latch-checking function. 

A great percentage of the faults on overhead alternating-current 
distribution systems are of a transitory nature and can be cleared 
by removing the voltage long enough to extinguish the arc, 
allowing only sufficient time for the arc path to recover its dielec¬ 
tric properties before being reclosed. A swinging fault may 
persist longer than the initial reclosing period and require a 
second reclosure. Short circuits of a permanent nature will, of 
course, cause a lock-out. 

A typical reclosing cycle for equipment arranged for instan¬ 
taneous first reclosure is 0-15-120 sec. The zero time refers of 
course to a reclosing connection which allows the breaker to 
reclose as soon as it has reached its open position, eliminating the 
inserted time delay of the reclosing relay. The second reclosure 
has an inserted time delay of 15 sec. and the third reclosure 
120 sec. 

A number of other combinations of second and third reclosure 
time intervals have been tried in the field with satisfactory 
results. In some cases the third reclosure is omitted. Field 
data are not as yet sufficiently comprehensive to state definite 
advantages of one combination ol second and third reclosure as 
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against another. Local system conditions may influence the 
choice of reclosing cycle to a considerable extent. 

Generally speaking, induction motors will return to normal 
speed from any reduced value, inasmuch as their load usually 
is connected directly from standstill to normal operating speed. 
However, the longer the deenergized period the greater the 
decrease in speed, resulting in higher inrush current and subse¬ 
quent delay in returning to normal operating voltage. 

Synchronous motors will not necessarily pull back to normal 
speed after a voltage interruption. This depends largely on the 
pull-in torque and load characteristics. Some motors can be 
brought back into step by automatic field removal and resyn¬ 
chronizing equipment, but others will require in addition suitable 
unloading features. There are system and load conditions such 
that synchronous motors have remained connected, after an 
interruption, without the use of resynchronizing equipment. 

Under full load conditions, synchronous motors will usually 
remain in synchronism during a complete loss of voltage for a 
period of only three to five cycles. The restoration of normal 
operating voltage within this short period is not available with 
present equipment, and if such a rapid reclosure could be per¬ 
formed it is doubtful if the fault path would have had sufficient 
time to recover its dielectric properties. Further field tests and 
operating data are required in order to determine more definitely 
the limits of synchronous-motor operation during loss of voltage. 

There are several solutions of the various problems that enter 
into the design and application of alternating-current reclosing 
devices. Each of these devices has certain limits of application. 
Space does not permit a discussion of the various circuit connec¬ 
tions. Manufacturers’ data are available giving complete data 
for a particular-type breaker and circuit connection. 

Modification of Existing Reclosers. ^—Most of the reclosers 
furnished until recently could be adjusted for a minimum delay 
of 1 to 3 sec. for the initial operation. Usually this is not fast 
enough where immediate reclosure is desired. Some existing 
reclosures can be modified so as to be suitable for immediate 
reclosing duty. In one case, the first of the sequentially operated 
contacts is latched closed at the nonnal position. With this 

^Andbrson, a. E., Automatic Reclosing of Oil Circuit Breakers, Elec. 
Eng., January, 1934. 
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arrangement the opening of the breaker through its b switch 
immediately energizes both the release and the antipump relay. 
The release magnet starts the timer and simultaneously the con¬ 
tact latch is released, permitting the closing circuit to be made. 

One-shot Immediate Reclosing for Attended Stations.’—In 
attended stations a great improvement in service is possible by 
applying a reclosure for one operation and leaving resetting and 
subsequent reclosure to the operator. 

A simple and inexpensive relay giving one immediate reclosing 
impulse is used for this relay system. The closing of the breaker 
h auxiliary switch energizes the reclosing relay coil, and the 
armature picks up to close the contacts which in turn close the 
breaker. At the same time the relay latch is released. When 
the breaker closes, its b switch opens and the reclosing-relay 
armature falls to the fully open position. From this point it 
cannot be picked up electrically but must be returned by hand 
to its normal position, thus providing the required antipump 
feature. A second set of contacts is closed with the relay in the 
fully open position, giving an alarm indication. 

Protective Relays.’—Circuit-closing protective relays must 
open their tripping contacts with some safety factor during the 
deenergized period. Protective relays of recent manufacture 
have resetting times which are satisfactory. The older types 
which have too long a resetting time can be modified readily to 
give the desired quick-resetting feature. It is important also to 
check the selectivity of the relay system, so that it is not upset in 
the case of immediate reclosure on a persisting fault. 

Self-contained Reclosing Equipment.— A. single mechanical 
recloser is available for certain low-voltage low-capacity circuit 
breakers, requiring no separate relay housing. When the breaker 
closes, a pawl in the closing lever of the solenoid engages with a 
notch on a dial and mechanically revolves the dial in the opposite 
direction from which it rotates by spring action. If the fault on 
the feeder has been removed, the breaker will remain closed. 
If the fault still exists, the series-trip coils will again trip the 
breaker, and, when the mechanical interference is removed, the 
dial will be revolved in the propqr direction by spring action to 

close the circuit-breaker contacts. This action is repeated except 
• & 

’AmHBBsoN, A. E., Automatio BerioBing of Oil Circuit Breakers, Elec. 
Eng., January, 1034. 



PHASE AND LINE-TO^ROUND-FAULT PROTECTION 423 

that on the second reclosure the dial has moved far enough so 
that the pawl on the closing lever engages a lug. If the dis¬ 
turbance or fault still exists and the breaker opens a third time, 
a lock-out lever falls over the pin on the dial and mechanically 
locks the breaker open. The first reclosure is made in approxi¬ 
mately 1.75 sec. and the second in approximately 3 sec. In 
order to reset the mechanism, it is necessary then to close the 
breaker by hand. 

Motor Outages on Voltage Dips.^ —Reduced voltage on a 
motor, if non-synchronous, causes it to start to slow down. If 
the mechanical load is constant, or nearly so, the motor will 
draw a higher current so as to maintain full power output. This 
may start the time-delay overcurrent device to operate, but, if 
the dip does not last too long, the overcurrent device will not 
complete its operation. Undervoltage devices, however, nor¬ 
mally operate immediately, since a great percentage of these 
devices are of a plunger or armature arrangement which operates 
instantaneously at a predetermined value of undervoltage and 
trip-out the starter switch. Most of these devices operate on 
voltage drops of 10 to 25 per cent below normal. 

It is becoming common practice to add a time-delay feature so 
that a dip lasting only a second or two will not disconnect the 
starter switch. In addition, the voltage drop-out point of the 
undervoltage device has been lowered to values of 50 or 60 per 
cent below normal, so that many dips leave the control equip¬ 
ment entirely unaffected. 

The time-delay undervoltage release is not a perfect solution 
to this problem. In certain cases the slight reduction in motor 
speed, when the dip occurs, results in a flaw in the completed 
product. The continuity of the process is not affected, however, 
and the cost of scrapping the impaired material is usually less 
than the averted shutdown. 

AXTERNATING-CURRENT TRIPPING FOR SMALL UNATTENDED 

SUBSTATIONS* 

Adequate and reliable relay protection for small unattended 
alternating-current substations has always presented somewhat 

^ Sleeper, H. P., Bulk of Motor Outages on Voltage Dips Avoidable, 
Elec. TTorW, July, 1933. 

* These data were taken from R. L. DeLoache, Circuit Breaker Tripping, 
Elec. Jour., August, 1933. 
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of a problem. Some disadvantages incident to the use of storage 
batteries in unattended stations have created a demand for a 
different system of tripping, the reliability of which is not depend¬ 
ent upon the close supervision and maintenance required of a 
storage battery. 

The use of a standard circuit-closing induction overcurrent 
relay in conjunction with a direct-trip attachment or tripping 
reactor imposes a heavy burden on the current transformer 
tending to throw the current transformer off ratio, rendering it 
unsuitable for use with instruments or watthour meters and 
militating against accurate relaying. This high burden often 
prevented the use of bushing-type current transformers. It 
often required the installation of two sets of wound primary 
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Fio. 91.—Alternating-current tripping scheme using current-transfer relay 
having low-energy consumption. 


transformers, one set exclusively for tripping and the remaining 
set for the relay and instrument load. 

Recent developments in relaying make it possible to obtain 
accurate overcurrent protection by means of circuit-closing relays 
in conjunction with a new auxiliary current-transfer relay having 
low-energy consumption. This is illustrated in Fig. 91. A 
three-legged laminated magnetic circuit has a pivoted armature 
and two windings, as shown. The main winding is connected in 
the current-transformer circuit while the auxiliary winding, which 
is normally open-circuited, is connected across the contacts of 
the circuit-closing protective relay. The circuit-opening silver 
contacts which, under normal line conditions, shunt the breaker 
trip coil, are held closed by gravity, assisted by the flux set up by 
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the current in the main coil. In the normal position, the gap 
at A is closed, as shown, while the gap at B is open. Most of 
the flux produced by the main winding follows the low-reluctance 
path through the closed gap at A, and only a small portion of the 
total flux takes the high-reluctance path through the normally 
open gap B. Under fault conditions the auxiliary winding is 
short-circuited by the protective relay, causing the reluctance of 
the path A momentarily to increase, thereby forcing the major 
portion of the flux from the main coil to cross the air gap B. 
The heavy flux crossing gap B causes the pivoted armature to 
move, so as to close B and open A. The contacts are opened by 
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Fio. 92.—Circuit-opening overcurrent relay. 


the movement of the armature with a quick, positive action and 
are reset by gravity when the breaker trips. 

This auxiliary relay will operate positively on a minimum of 
3.5 amp., and, when used with a current-transformer trip coil 
of average impedance, it can be conservatively applied to transfer 
currents up to 50 amp. 

Circuit-opening Overcurrent Relay.—second scheme of 
protection is based on the use of a special circuit-opening induc¬ 
tion relay. The circuit-opening feature incorporated in the over¬ 
current induction relay is obtained by replacing the standard 
‘‘seal-in’' contactor with a coil-operated circuit-opening device, 
actuated through the main circuit-closing contacts by energy 
from an auxiliary winding placed on the main magnetic circuit 
of the relay (Fig. 92). When the relay operates, the main con¬ 
tacts are closed by the rotation of the induction disk, thereby 
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completing the circuit from the auxiliary winding to the oper¬ 
ating coil of the circuit-opening device. Sufficient energy is 
available in the auxiliary winding, due to the transformer action 
by virtue of the fault current, to cause the contacts to open with 
a positive, quick action, efficiently transferring the secondary 
current to the breaker trip coil. The opening of the breaker 
allows the contacts to reset by gravity. 

The circuit-opening contacts consist of a self-aligning silver 
disk bridging two ball-shaped silver stationary contacts. The 
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Fia. 93.—Circuit-opening overcurrent directional relay. 


contact resistance is low enough to prevent any appreciable 
leakage of current through the breaker trip coil, even under 
extreme short-circuit conditions. 

This scheme is applicable where the maximum secondary 
current is 50 amp. or less. 

The directional overcurrent relay can also be made circuit 
opening, as illustrated in Fig. 93. 

A special tripping attachment can be applied to a breaker- 
solenoid-operating mechanism to replace the standard shunt-trip 
assembly and provides space for four trip coils, any or all of which 
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can be wound for dither current or potential. The operation of 
any one of the trip coils actuates a sensitive toggle mechanism 
which effects the tripping of the breaker. The device is fast and 
positive in operation and is protected from vibration by a flexible 
mounting. 

This attachment has been successfully applied to breakers 
up to and including the 110-kv. rating, as well as to various types 
and makes, although slight mechanical modifications are gener¬ 
ally necessary in order to adapt it to certain breakers. The volt- 
ampere burden at the tripping point is sufficiently low to allow 
positive tripping from most standard bushing-type current 
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Fio. 94.—Overcurrent protection using throe circuit-opening line relays and one 
circuit-closing ground relay. 


transformers as low as 20:1 ratio when used in a circuit with any 
of the relays described. 

A simple application of overcurrent relays is shown in Fig. 94 
consisting of three circuit-opening line relays and one circuit¬ 
closing ground relay. The trip attachment is applied to the oil 
circuit breaker, three of the trip coils being wound for current 
and the fourth coil for potential. The current coils are designed 
to trip on a minimum of 4 amp., while the potential coil is wound 
to trip on a minimum of 30 per cent of normal line voltage. The 
energy for shunt tripping on ground faults is obtained from the 
station-operating transformer. 

This method of alternating-current tripping is termed over- 
lapping current and poterdial By this method, ground faults 
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are cleared by potential tripping up to and even beyond the point 
where the ground fault becomes heavy enough to produce suflEi- 
cient current to operate the line relays. 

Automatic Switching for S 3 rstem Ties.—Space does not permit 
a discussion of this phase of the protection problem. Reference 
should be made to Automatic Switching for System Ties, by 
E. V. Ellett, in the Electric Journal of July, 1933. 
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CHAPTER XII 


PILOT SYSTEMS OF RELAYING FOR TRANSMISSION- 
CIRCUIT PROTECTION 

The increase in size and complexity of power systems and the 
resulting problems of maintaining stability during system faults 
have necessitated the rapid clearing of faults. High-speed 
relays of the balanced and distance type, while very effective, 
fall short of the ideal of providing overall protection with instan¬ 
taneous operation at both ends of a faulted section for any 
fault location. Faults near the ends of the sections protected 
by distance relays are cleared by sequential operation, that is, 
the relay nearest the fault operates at high speed, but at the 
other end the slower speed back-up element operates. This 
also applies to the operation of balanced relays on parallel lines 
for faults near the ends of each section. Furthermore, in complex 
systems, it is frequently difficult to coordinate the timing of 
distance and balanced current relays with relay equipment 
on other sections without sacrificing high speed of operation on 
the important sections. 

It should be appreciated that it is physically impossible to 
secure ideal characteristics of speed and selectivity in relays 
for transmission-line protection that are actuated by factors 
existing at some one point on the system, and yet are not respon¬ 
sive to oscillations. System oscillations may occur which 
produce reactions in the relays similar to short circuits. In 
the methods of relaying described only three electrical dimensions 
and time are available at any one point as factors for the detection 
and location of faults. The three electrical dimensions are cur¬ 
rent, voltage, and the angle between them. Many novel com¬ 
binations of these factors have been devised which have resulted 
in improved relaying systems, but the ideal has not and cannot 
be secured using factors existing at one point. Thus it would 
appear that to secure overall protection of a circuit, it is necessary 
to use quantities at two points, such as both ends of a section of 

429 
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line, rather than one end. The logical outgrowth of this thought 
is the use of differential protection where quantities existing at 
two points are compared. This type of protection when applied 
to transmission lines is commonly called pilot-wire protection^ 
because wires must be used between the circuit ends to bring the 
quantities together for comparison. 

The principle of operation is similar to the differential systems 
for protection of generators and transformers, but a somewhat 
different set-up is required because the breakers at the line 
ends are so far apart that only one set of relays actuating two 
trip circuits cannot be used. 

This method of protection is ideal from a theoretical standpoint 
since both line ends may be tripped instantaneously for faults 
at any point, and the system is non-operative for faults outside 
the section and therefore is inherently selective. The element 
time obviously is not involved since the operation is determined 
by the unbalance between similar quantities at the line ends. 
This method of relaying transmission circuits, while quite 
popular in Europe, has not been used extensively in this country 
due to the cost and complication of providing alternating-current 
pilot wires. Many operating difficulties arise from induced 
currents, where the pilot wires parallel transmission lines and the 
possibilities of short circuit or open circuit in the wires have 
discouraged the use of pilot-wire systems. 

A brief description of the general types of alternating-current 
pilot-wire schemes will be given before considering the more 
important directional-comparison method in which the trip 
circuits of directional relays at the line ends are in effect con¬ 
nected in series through a pilot channel. 

Opposing Voltage Alternating-current Pilot-wire Schemes.— 
In one very simple pilot-wire scheme, special high-voltage current 
transformers are connected in opposition with one relay per 
phase at each end of the protected section. During normal 
conditions, if the characteristics of the transformers on opposite 
ends of the same phase are similar, no current will flow. When 
a fault occurs, a current flows through the pilot wires and the 
relays at both ends. 

Differential relays can be used in the same scheme, as shown 
in Fig. 1. There are two paralld circuits across the secondary 
of each current transformer; on^ consists of the restraining ele- 
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ment of the relay in series with a resistor and the other contains 
the operating coil of each relay connected together by a pilot 
wire and in series with the parallel circuit of the restraining 
element and other transformer secondary. Under normal 
conditions, equal currents flow through the restraining elements 
and no current flows through the operating coils since no potential 
difference exists between ends of the pilot wires. If a short 
circuit occurs, the magnitude and phase relations of the currents 
at the two ends will be different and a difference of potential 
will exist between the two ends of the pilot wire. If the flow 
of current in the secondary circuit is sufficient to overcome 
the torque of the restraining coils, the relays will operate. 



Three pilot wires are required for this scheme. With a 
ground fault on one phase, the current returns through the 
pilot wires on the other two phases. The current-transformer 
burden is high for both of these schemes. The resistors in Fig. 1 
provide a voltage drop for operation of the relay. The rating 
is determined by the requirements for a particular installation. 
The current transformers at one end of the line must be grounded 
solidly and at the other end grounded through a film cutout or 
low-voltage arrester. The cutout prevents circulation of current 
through the relays, owing to difference in potential of the ground 
between the ends of the pilot wires, and grounds the pilot wires 
in case of any high potential due to induction or other effects. 

The opposing-voltage schemes described are susceptible to 
false operation from induced voltages, due to short circuits. 
An open circuit in the pilot wires makes the relays inoperative, 
and a short circuit causes the relays t6 trip. Heavy through 
short circuits may cause false operations due to charging currents. 
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The length of circuit that can be protected is limited by the 
burden on the current transformers. 

The pilot wires may be shielded by means of a metallic tube 
surrounding the pilot wire,^ cut in two midway between ends. 
The capacity between the pilot wires and shields is in such 
relation to the capacity between the shields of the three phases 
that the charging current flows between the pilot wires and 
shields and not between pilot wires. This method prevents 
charging current from appearing in the relay windings. The 
same results may be obtained by using a compensating wire in 
parallel with each pilot wire and extending one-half the circuit 
length from each end of the cable. The relay coil is made in 



two parts, connected differentially. When charging current 
flows, equal currents appear in the pilot wires and compensating 
wires, if the potentials of these wires are equal at all points. 
If the charging currents are equal, no operating torque is produced 
in the relay. This scheme requires a special current transformer 
with an air gap in the magnetic circuit to bring the line current 
and transformer-secondary voltage in proper relation. 

Schemes of this nature have been used extensively in Europe 
but have found no favor in America owing to the high initial 
cost and apparent lack of justification for the high degree of 
sensitivity obtainable. 

Circulating-current Pilot Wire. —In the circulating-current 
scheme the secondaries of the current transformers are connected 
in series through the pilot wires as shown in Fig. 2. This con¬ 
nection is the same as that used for the differential protection of 
generators and transformers. Under normal conditions the 
current circulates through the pifot wires. When a fault occurs 

^ N.E.L.A., Handbook and Supplement,” p. 697.. 
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in the protected section, the current difference flows in the relay 
thus causing operation. 

This scheme can be used where the potential drop in the 
pilot wires is not excessive under through<-short-circuit condi¬ 
tions, and if high-peak voltages do not occur when the circuit 
breakers are opening due to momentary open-circuit effects. 
The current transformers used in this scheme generally have 
secondary ratings of 0.5 amp. in order to minimize pilot-line 
drop. A high-impedance relay is used to reduce the current 
leakage through the relay during through-fault conditions. 

The circulating-current pilot-wire scheme is subject to false 
operation due to induced voltage and charging current. A 
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Fia. 3.—Circulating-current pilot-wire scheme for phase and ground faults. 


short circuit on the pilot wire prevents, and an open circuit 
causes, protective relay operations. 

A scheme employing three pilot wires ^ and providing line- 
and ground-fault protection is shown in Fig. 3. The three 
current transformers at each'end of the circuit are connected in 
parallel with one phase reversed. The vector sum of the second¬ 
ary currents is twice the current in any one secondary under 
balanced conditions, and this current circulates through two 
of the pilot wires. Two relays are connected in series by a 
third pilot wire between points of equal potential at opposite 
ends of the circuit. No current passes through the relay circuit 
under normal conditions, but, when an internal fault occurs, the 
current from one set of current transformers reverses and the 
current from both sets of transformers flows in the relay circuit. 

This scheme provides protection agp,inst three-phase faults, 
single line-to-ground faults on any phase, and line-to-line faults 

1 N.E.L.A., “Handbook and Supplement,” p. 1187. 
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between the phase with reversed current transformer and 
either of the other two phases. Protection is not provided for a 
line-to-line short circuit between the two phases which do not 
have reversed current transformers. The length of line that 
can be protected is limited, because twice the usual pilot-wire 
current flows normally. 

A differential relay with two coils, so connected that under 
normal conditions the currents through the two coils are such 
that equal and opposite torques are produced,^ is shown in 
Fig. 4. If the two coils have equal turns, the resistor is of such 
value as to cause the current to divide equally between the 



Fio. 4.—Circulating>curront pilot-wire scheme with differential relays. 


pilot wire and resistor. When a fault occurs, the current from 
one end of the line is in opposition to that at the other and the 
larger portion flows through the relay coil and resistor at each 
end, causing operation. 

This scheme is suitable for short lines and has the advantage 
that no excessive potentials are induced in the line-current 
transformers. 

A modification* of the scheme of Fig. 4 is shown in Fig. 6. 
Differentially connected, 2:1 ratio, three-winding pilot trans¬ 
formers are used instead of the differential relays. A high-speed 
sensitive relay is connected in the secondary of each pilot trans¬ 
former. If a fault is external, the m.m.fs. of the two primary 
windings oppose, and, if the fault is internal, the m.m.fs. are 
additive and a relay operation results. 

* N.E.L.A., “Handbook and Supplement,” p. 692. 

* N.E.L.A., op, cU-t p. 1190. 
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In Fig. 6 is shown a similar scheme^ in which only two pilot 
wires are required. The current transformers connected in the 
secondaries of the line-current transformers have unequal ratios. 
The unequal-ratio current transformers are so connected that 



Fig. 6 . —Circulating-current pilot-wire scheme with pilot transformer and 

four wires. 

their secondary currents add vectorially to their primary cur¬ 
rents, and the resultant flows in the primary of a 5:1 ratio isolat¬ 
ing transformer. The secondary current of this transformer is 
applied to the three-winding pilot transformer. This scheme 



Fio. 6.—“Circulating-current pilot-wire scheme with pilot transformer and 

two wires. 

provides protection against all types of faults with a minimum 
amount of equipment. 

The schemes shown in Figs. 5 and 6 both give a high degree of 
sensitivity even for comparatively long lines. 

1N.E.L.A., op. ctf., p. 1190. 
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A circulating-current pilot-wire scheme^ using balanced 
current relays is shown in Fig. 7, which imposes a low burden on 
the current transformers. Four balancing resistors are used at 
each end to maintain balanced conditions during through faults, 
whether line to line or line to ground, thus permitting a 
low current setting on the ground relay. Where sensitive 
ground-fault protection is not required, the ground relay is 
omitted but not the neutral balancing resistor Bn. This scheme 
may be applied to long lines if 10:1 ratio insulating current 
transformers are used to give a low efiFective pilot-wire impedance. 
For short lines the insulating transformers may be omitted 

Staf/on Sfafton 



Fig. 7.—Circulating pilot-wire scheme using balanced current relays. 

unless required for protection against high voltage. With 10:1 
ratio current transformers, the values of balancing resistors 
Bi, B 2 , and Bs should each be of the pilot-wire impedance 
plus the impedance of the insulating transformers, and the 
resistance of Bn should be 3^oo of the pilot-wire impedance 
only. 

Mot-wire Schemes for Ground-fault Protection Only.—It is 

sometimes considered desirable to protect underground cable 
circuits against ground faults only, when the system neutral is 
grounded. In most cases, cable faults either develop to ground 
or if from line-to-line almost immediately fail to ground. 
The nature of the initial failure is, of course, governed by the 

^Ckichton, L. N., and H. C. Graves, The Application of Relays for 
Protection of Power System Intercotoections, Trans* AJ,E.E.^ vol. 47, 
p. 259, 1928. 
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design of the particular cable, i.e., whether single or three con¬ 
ductor, and the relative amount of insulation to ground and 
between phases. One method of protection is to use a sheath 
transformer at each end of the cable, having three primary and 
one secondary winding. The primaries of the sheath trans¬ 
former at each end are connected to the three phases, and 
normally under balanced conditions the resultant flux is zero. 
In case of a ground fault, the flux is no longer zero and a current 
flows in the secondaries at the two ends of the cable and through 
the two pilot wires thus operating the relays. 

The same results can be accomplished by connecting a 5:0.5 
current transformer in the secondary neutral of current trans- 
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Fio. 8.—Circulating-current pilot-wire scheme for ground-fault protection. 

formers which may be used for other purposes. The secondaries 
of the 5:0.5 current transformers are connected in series with 
the relays and two pilot wires. The burden on the current 
transformers is low with this scheme. 

A scheme for ground protection^ is shown in Fig. 8 which uses 
the same relay and pilot-wire connections as Fig. 3. The 
relays are connected between points of equal potential at opposite 
ends of the circuit. No current appears in the relay circuit 
during through faults, but, in case of an internal fault, the 
residual currents become unbalanced and a reversal occurs 
at one end so that the sum of the currents from the 2:1 ratio 
residual-current transformers flows through the relays. 

All of the alternating-current pilot-wire schemes described 
have many objections among which are: The testing is compli¬ 
cated; the pilot wires are expensive and. are subject to induced 
voltages and charging currents; the reliability of protection 
1 N.E.L.A., op. p. 1186, 
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depends upon the reliability of the pilot wires. Generally, the 
pilot wires are less reliable than the circuits protected. 

DIRECTIONAL-COMPARISON SYSTEMS^ 

A somewhat different scheme of overall protection has become 
prominent in recent years, known as the directionaUcompanson 
method, which has many advantages over the alternating-current 
pilot-wire systems. In this scheme, the relative instantaneous 
direction of the fault current at the two ends of line sections is 
compared by means of some communication channel. The 
communication circuit is used to establish a tripping operation 
on the breakers at both ends when a fault is present in the 
protected section. This scheme has the advantage over the 
alternating-current pilot-wire schemes in that a reliable com¬ 
munication circuit can be provided more readily and with less 
expense than alternating-current pilot wires. The system is 
also less complicated, more flexible, easier to maintain, and 
not so susceptible to false operations as the differential schemes. 

The fundamental principle of operation of the directional- 
comparison method is that the presence of a fault may be deter¬ 
mined from the relative instantaneous directions of the currents 
at the two ends of a line. For example, under normal conditions, 
with power flowing in either direction in a circuit, the current 
will be flowing in at the sending end and out at the receiving 
end. If directional relays are so connected at each end of 
the line that their contacts close only when current flows into 
the line, then, under normal conditions, the contacts of the 
relays at the sending end will be closed and those on the relays 
at the receiving end will be open. If a fault occurs on the 
line and a source of power supply is available at both ends, the 
currents will flow into the line at both ends and the contacts 
of the directional relays at both ends will close, thus indicating 
the presence of a fault. By means of some communication 
system the fact may be established that the directional relays 
at both ends are closed at the same time and a tripping operation 
initiated. The essential element necessary is that each end of 
the line receive the information that the directional relay at the 

^ Many of the essential data on the directional-comparison systems in this 
section were obtained from J. H. Ne^er, The Use of Communication Facili¬ 
ties in Transmission-Line Relaying, Trans. AJ.E.E,, vol. 52, p. 505, 1033. 
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other end is closed before a tripping operation occurs. It is 
evident that the element time is not involved in the operation. 

The directional-comparison scheme in its simplest form 
consists of a set of directional relays at each end of the line with 
a conventional direct-current telegraph circuit extending from 
one end of the line to the other as shown in Fig. 9. It can 
be seen that the trip circuit cannot be established through 
either circuit-breaker trip coil unless both sets of directional 
relays are closed. The trip coils and the directional contacts 
at each end of the line are in effect connected in series. 

The directional-comparison method cannot accomplish the 
results of a percentage-differential scheme, particularly for 



partial-fault conditions such as turn-to-turn failures in trans¬ 
formers. With the directional-comparison method, power flow 
could continue through the faulted phase, and the directional 
relays at one end would not close. This is of no particular 
consequence on a transmission line, because, with line-to-line 
faults, there is little probability of sufficient through power 
transmission on the faulted phases to cause the relays at one 
end to fail to close. With a line-to-ground fault there is more 
of a tendency for through power transmission, but this can 
be readily cared for by using ground relays. It should be 
remembered that trouble may ^develop, if too much stress is 
placed on securing an extreme sensitivity of fault detection in 
any differential or pilot-wire scheme. Engineers and operators 
are frequently prone to overemphasize the necessity for detecting 
low-current faults on transmission circuits. Fault currents of 
low value, in general, develop rapidly into higher values or are 
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extinguished due to deionization of the arc as it lengthens, and 
no relay operations result. 

It is necessary that the directional relays at each end of the 
line function properly for any and all fault conditions. It is 
possible to design the relay system to meet all conditions, even 
when the line is tapped or when there is a power source only 
at one end of the line. When the line is tapped, a set of direc¬ 
tional relays can be installed on the tap and connected into 
the communication system used for the main-line protection. 
This is required only when there is a source of power at the end 
of the tap. If the tap with its associated receiving-end apparatus 
can be considered a part of the main circuit, then this set of relays 
is not required. If, however, for example, a breaker and trans¬ 
former are located at the end of the tap (no breaker at junction 
of tap and main line), and a source of power is present, it is 
necessary to use directional relays. If a source of power is not 
present at one end of the line or the end of the tap, an instan¬ 
taneous circuit-opening overcurrent relay and an instantaneous 
circuit-closing undervoltage relay in each phase should be used 
instead of directional relays. The contacts of the two relays 
in each phase are connected in series. Normally, the contacts 
of the undervoltage relays are open, but in case of a fault the 
contacts close. If the condition is due to a through fault, the 
overcurrent-relay contacts open before the voltage-relay contacts 
can close, hence no tripping results. If the fault is on the line, 
the overcurrent contacts will not open and the line will be 
cleared. If greater sensitivity is required for ground faults, 
an instantaneous circuit-opening overcurrent and an instantane¬ 
ous overvoltage circuit-closing relay operating on the zero- 
sequence current and voltage, respectively, may be used. 

In case a source of power is available at one end of the line 
only part of the time, it is necessary to use both the combination 
of current and voltage relays in conjunction with directional 
relays. Schemes other than those described can readily be 
devised which will accomplish the same results. 

There are several different systems of relays that can be applied 
at the ends of the line in the directional-comparison scheme. 
For line-to-line fault protection, a polyphase directional relay, 
or three single-phase relays may be used. It is generally advis¬ 
able to use an instantaneous overcurrent relay in conjunction 
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with each single-phase directional element with the trip contacts 
for each phase in series and the groups in the three phases in 
parallel. This is necessary because under certain conditions 
an unsymmetrical through fault may cause a single-phase 
directional relay having approximate wattmeter characteristics 
to reverse and close its. contacts. The phase on which this 
occurs will be carrying a comparatively small current so that the 
overcurrent relay if set above this value of current will prevent 
false operation. Furthermore, the directional contacts in the 
three phases must be isolated from each other to prevent false 
operation for a condition where load current is flowing from 
Station B toward A and a single line-to-ground fault occurs on 
phase c on the far side of Station B. The relay on phase c at 
Station A closes due to fault current, and the relays on phases a 
and b at Station B close due to load current. If the directional 
contacts on the three phases at each end are not isolated, the cir¬ 
cuit will be tripped. The overcurrent relays also prevent false 
tripping due to load current. 

Single-phase directional relays, when provided with voltage 
restraint having proper characteristics, can be used without 
overcurrent relays in some cases. The voltage restraint must be 
such that the directional contacts will not close due to the flow 
of maximum load current. When polyphase directional relays 
are used, either voltage-restraint or overcurrent relays must be 
used for the same reasons as given for single-phase elements. 
If a single line-to-ground fault occurs between Stations A and B, 
the closing torque due to the fault current in the faulted phase 
at Station A must be greater than the sum of the opening torques 
due to load current in the other two phases if the load current 
is flowing in the opposite direction, otherwise the polyphase 
relay will not close. 

The contacts of ground relays operating on zero-sequence 
current are normally open, so overcurrent relays used in con¬ 
junction are not always essential; however, it is advisable to 
use them in order to reduce the sensitivity. When system 
conditions are such that relays designed for line-to-line fault 
protection may operate incorrectly when certain ground faults 
occur, it is necessary to provide ground-fault protection so inter¬ 
locked with the line-to-line protection ’groups that the phase 
groups are locked out upon the occurrence of a ground fault. 
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When a line is provided with directional-type relays for 
back-up protection, the directional elements can be used to 
provide (Urectional-comparison protection if the contacts of the 
directional elements are placed in the relay trip circuit. 

The system of directional relays used for overall protection 
is not limited to any particular type, as various combinations 
can be employed with the scheme of connections designed 
to secure the most satisfactory protection for the particular 
application. The system may be designed to operate from phase 
or the line currents and voltages, or from sequence quantities. 

Where high-speed distance or current balance relays are 
used, practically instantaneous operation at one end of the line 



Fiq. 10.—Transferred tripping through pilot wires. 


or the other is obtained for any fault location. If it is necessary 
to trip both ends instantly, rather than wait for sequential 
operation, in order to maintain stability or for other considera¬ 
tions, a communication channel can be used by means of which 
the other breaker is tripped as soon as either breaker trip coil is 
energized. This scheme is generally known as transferred 
tripping. The elements of the system are shown in Fig. 10. 
The same communication or pilot-wire facilities are required as 
for the directional-comparison method. The selectivity of the 
transferred-tripping arrangement depends entirely upon the 
selectivity of the relay system at the ends of the lines. This 
scheme, although possibly more expensive and complicated, 
has the advantage that complete line protection is provided 
even when the communication system fails. Transferred trip¬ 
ping can be applied where selective-timing relays are already in 
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service more readily than the directional-comparison system. 
The fact should be recognized that the full benefits of transferred 
tripping can be realized only, if the selective-timing relays are of 
high-speed type. 

The design of a directional-comparison pilot-wire protective 
scheme will generally be influenced by a variety of local condi¬ 
tions and particularly by the type of communication facilities 
available. The circuits used for pilot purposes should be 
properly coordinated with supervisory control, telemetering 
or telephone communication circuits or whatever is in service. 
The general types of systems that are most readily adaptable 
for relay communication are direct-current telegraph, low-fre¬ 
quency rectified alternating-current pulse telegraph, voice- 
frequency telegraph, carrier current over power-transmission 
circuits, and short-wave radio. A brief description of possible 
designs for each of these types for relaying will be given. 

Direct-current Telegraph.—^The simplest arrangement employ¬ 
ing a two-wire metallic circuit is shown in Fig. 9. A short circuit 
occurring on the pilot circuit will cause the end of the circuit 
at which the battery is located to trip whenever the directional 
relays at that end close, regardless of conditions at the other 
end of the line. False tripping would thus result with through 
faults. This can be prevented by using a sensitive fault-detector 
relay which is normally energized. This relay operates when a 
fault occurs on the pilot line, to lock out the pilot circuit and 
give an alarm. 

When a through fault occurs, such that the directional elements 
at the end of the line opposite the battery close, the pilot circuit 
will be closed through the fault-detector relay. The resistance 
of the detector relay must be such that the flow of current 
under this condition is lower than the minimum operating 
current for the tripping relay at the distant end. The fault- 
detector relay will operate under this condition; consequently, 
it is necessary for it to be a time-delay device so that the fault 
may be cleared before the pilot circuit is locked out. The 
continuity of the pilot circuit may be continuously checked by 
means of a high-resistance voltmeter or undervoltage relay at the 
end distant from the battery. Either of these devices must 
have suflicient resistance so that the maximum current is less 
than the minimum operating current of the fault-detector relay. 
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In Fig. 11 is shown an arrangement using a grounded telegraph 
circuit derived from a simplexed telephone circuit, the latter 
circuit also being used for telephone communication. A single 
wire with ground return could be used, but it would not be so 
reliable. The scheme in Fig. 11 will operate with one wire 
open or the two wires short-circuited but not grounded. For 
any scheme employing ground return, the grounding points for 
the direct-current telegraph circuit must be made at a consider¬ 
able distance from the power-station grounds, otherwise a large 
difference of potential can exist across the two ends of the tele¬ 
graph circuit. In general, any circuit operating with ground 
return is less reliable than the two-wire metallic circuit. 

Sfalion Sfah'on 



Fig. 11.—Directional-comparison scheme using grounded-pilot circuit derived 
from a simplexed-telephone circuit. 


Low-frequency Rectified Alternating-current Ptdse Telegraph. 

When direct-current telegraph circuits are used to provide 
overall protection for two or more parallel transmission lines, 
it is necessary to use as many pilot circuits as there are trans¬ 
mission circuits. It is possible to use additional batteries 
and polarized relays and provide protection for two transmission 
lines using only one pilot circuit; however, the circuit is com¬ 
plicated, difficult to use, and will not operate during simultaneous 
faults on both circuits. The rectified alternating-current pulse^ 
system (Fig. 12) can be used where it is desired to use only one 
pilot circuit for protection of two transmission circuits in order 
to reduce the initial cost and operating expense. The apparatus 
of one circuit is operated by positive half cycles and the other 
^ J. H. Nbhbr, op. ctf., p. 595. 
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by negative half cycles of current and voltage from the alter¬ 
nating-current generator. The tripping relays must be designed 
to hold in on half-cycle power supply. Ordinary copper oxide 
rectifiers are suitable for this application. The small generators 
should be low frequency, say 20 cycles, to minimize the effect 
of line reactance. For most reliable operation the generator 
should be driven by a direct-current motor operating from the 
station battery. With the pulse system, coupling or insulating 
transformers cannot be used because the current pulses set up 
counter e.m.fs. in the circuit. 



Fia. 12.—Protection of two transmission lines with one pilot circuit using low- 
frequency rectified alternating-current pulse system. 

Voice-frequency Telegraph.—A system of communication is 
being used in which 12 separate messages can be sent simul¬ 
taneously over a single circuit. This is accomplished by super¬ 
imposing 12 different frequencies on one telephone circuit, each 
frequency constituting a separate channel. The various fre¬ 
quencies are separated at the receiving ends by means of band¬ 
pass filters, the output of the filters being applied to receiving 
devices. 

This system can be used as the communication channel for 
directional-comparison relaying. An arrangement is shown 
(Fig. 13) in which the closing of the directional contacts at 
either end operates the transmitter which sends a signal of a 
definite frequency. The receiver at the other end of the line is 
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tuned only to that frequency. The breakers at both ends are 
tripped when a signal is received at either end at the same time 
that the directional element at that end is closed. To prevent 
the transmitter at one end from operating the receiver at the 
same end, two separate frequencies may be used for each circuit 
protected or a bridge transformer used in place of the repeating 
coil. The bridge transformer keeps the transmitter frequency 
out of the receiver at the same end so that one frequency can 
be used for the protection of each circuit. A single telephone 
circuit can then be used for the protection of 12 power circuits 
by the use of 12 frequencies over one pair of wires. 


Station 

A 


'•Tromsmisshn tine 


Station 

B 



Carrier Current.^—A system of overall protection using carrier 
current as the communication channel has been developed and 
applied to important lines. The carrier-current equipment con¬ 
sists of a transmitter and receiver at each end of the line and con¬ 
nected to the line through coupling capacitors. The transmitter 
consists of a vacuum-tube oscillator and a power amplifier, and 
the receiver consists of a simple single-tube receiver with the grid 
biased so no plate current flows unless a signal is received. The 
frequency of the oscillator is usually 60 to 150 kilocycles per 
second. Power is supplied to the carrier equipment by a rotary 
inverter or motor generator operating from the station battery. 

Since the carrier-current signals are superimposed upon 
the power-transmission conductors, a line fault might block the 
communication channel; therefore it is usual to arrange the 
equipment so that signals are used to prevent rather than 

* The diagrams given in this section are representative of typical schemes, 
but refinements and new developments based on operating experience are 
lapidly appearing. 
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initiate tripping operations.^ The scheme requires that the 
relays on unfaulted sections be prevented from tripping by 
transmitted signals, and the relays on the faulted section are 
permitted to trip by not receiving blocking signals. It is neces¬ 
sary to install traps to prevent external faults on the coupling 
phases from interfering with the transmission of blocking signals. 
The traps have a low impedance to power-frequency current and 
a high impedance to carrier current. 

In Fig. 14 is shown a schematic elementary diagram® of an 
arrangement employing carrier current in which the protective- 


D.C. 

Control 



Fio. 14.—Directional comparison system of protection with carrier current, 
a, a', Polyphase directional starting relay with voltage restraint; 6, h\ directional 
ground starting relay; c, c', polyphase-directional tripping relay with voltage 
restraint; d, d\ ground-directional tripping relay; e, e\ receiver relay. 


relay system is designed for conditions where the line-to-line 
short-circuit current may be less than normal load current and 
provision is made for sensitive ground-fault protection. Such 
conditions arise due to the variation in transmission-system 
set-up and connected generating capacity. This scheme, like 
many others of the directional-comparison group, is susceptible 
to tripping during system oscillations. 

In Fig. 14, relays a, o', c, and c' are of the polyphase, direc¬ 
tional type with voltage restraint which operate with a current 

^ This is the so-called intermittent systern. A continuous system has been 
developed in which signals are transmitted continuously and the receivers 
are normally energized and block the circuit-breaker trip circuits. In case of 
a fault, the directional relays at both ends of the faulted section close and 
interrupt the transmitter plate circuits, thus closing the contacts in the 
receivers which trip the breakers. Since the receivers at each end are ener¬ 
gized by the transmitters at both ends, the brec^kers will not be tripped unless 
fault current is flowing in at both ends and both transmitters interrupted. 

* Travbr, O. C., John Atjchinclobs, and E. H. Bancker, Pilot Protec¬ 
tion by Power Directional Relays Using Carrier Current, Oen. Elec. Bev.^ 
November. 1932, p. 667. 
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flow as indicated by the arrows. When a fault occurs outside 
the section, say to the left of breaker 1, starting relay h operates, 
and its contacts open and remove a negative bias from the grid 
circuit, thus putting the transmitter in operation. The signal 
must be transmitted and the contacts of blocking relay e' opened 
before the contacts of tripping relay c' can close, otherwise false 
operation will occur. It is necessary, therefore, that the operat¬ 
ing time of the tripping relays be slightly greater than the starting 
relays which initiate the blocking signal. 

If a fault occurs between Stations A and B, relays c and c' 
close their contacts and trip the breakers. The power flow is 
in the wrong direction to operate relays a and a', and hence 
6 and e', so no blocking signals are sent. 

Relays d and d' are directional ground-tripping relays and 
their normally closed contacts are in series with the plate circuit 
of the transmitter. The ground relays have preferential control 
over the polyphase relays. This is necessary, because, if, for 
example, a single line-to-ground fault occurs between Stations A 
and B when heavy load current is flowing from A toward B, the 
voltage restraint may be so reduced that phase relays c and a' 
operate. Relay a' would start the transmitter and operate 
blocking relays e and e' when the internal ground fault is present. 
The residual current is in the proper direction to close the 
contacts of ground relays d and d'. The normally closed contacts 
on d and d' instantly open and break the transmitter plate 
supply at A and B and thus prevent relay 6' from energizing the 
transmitter and sending blocking signals. 

Another arrangement^ of protective relays is shown in Fig. 16, 
which is applicable where the ground-fault current is always 
sufficient to operate the polyphase directional relays against the 
load-current torque. This scheme is less susceptible to tripping 
during system oscillations. Ground relays may be used if 
greater sensitivity is required for ground faults. 

In Fig. 15, when a fault occurs, the instantaneous overcurrent 
relays c and c' operate and remove voltage restraint from the 
directional relay. If the fault is to the left of Station A, relay a 
opens its contacts and starts a blocking signal which operates d 
and d' thus preventing breaker 2 from tripping when the definite¬ 
time overcurrent relay V closes iti^ contacts. If the fault is in 

^Sporn, Philip, Carrier-Current Relaying Proves Its Effectiveness, 
EUc, Worlds Sept. 10, 1932, p. 332. 



PILOT SYSTEMS OF RELAYING 


449 


the protected section, the contacts of the directional relays at 
each end remain closed and both breakers are tripped by the 
operation of relays 5 and 5'. 



Fio. 16.—Carrier current with overcurrent relay tripping, a, a', Polyphase 
directional starting relay with voltage restraint; 6, h\ definite time-phase over¬ 
current tripping relay; c, c', instantaneous-phase overcurrent relay; d, d\ receiver 
relay. 


Sfcrtion Sfafton 



Fra. 16.—o, o', Polsnphase-directional starting relay with voltage restraint; 
6, 6', directional ground-starting relay; c, c', definite-time-overcurrent phase¬ 
tripping relay with torque control; d, d\ definite-time-over current ground¬ 
tripping relay with torque control; e, instantaneous-overcurrent ground-current 

relay; /, /', instantaneous-phase overcurrent relay; q\ receiver relay; K 
auxiliary relay. 


In Fig. 16 is shown a carrier-current system fundamentally 
of the same type as Fig. 15, including both line and sensitive 
ground protection. A number of refinements are incorporated 
in this scheme making it less susceptible to false operation during 
system disturbances approaching or resulting in instability. 
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The overcurrent phase and ground relays are provided with 
torque control in which operation is prevented, even with 
current in the main coil, by opening the secondary circuit in the 
relays. 

When a ground fault occurs, the instantaneous overcurrent 
ground relays e and e' on the sections adjacent to the fault 
operate, opening one set of contacts and closing another. The 
closing contact shunts phase-directional relays a and a', thus 
giving preference in carrier control to the ground relays. If 
the fault is to the left of Station A, the ground-directional relay b 
will open its contacts and in conjunction with e, which has 
already operated, will interrupt the grid bias thus starting 
carrier transmission. Receiver relays g and g' at both stations 
operate and open the trip circuit by means of one set of contacts 
and operate auxiliary relays h and A' through another set. The 
operation of relays h and h' opens the torque-control circuits 
of the overcurrent tripping relays, allowing them to reset. This 
device prevents tripping in case any current disturbance occurs 
during the clearing of the fault which might momentarily block 
carrier transmission. If the fault is between Stations A and B, 
relays d and d' trip the breakers. 

In case a phase fault not involving ground occurs to the left 
of Station A, instantaneous overcurrent relay / operates and 
removes voltage restraint from directional relay a, which in turn 
removes the grid bias thus actuating carrier transmission to 
prevent tripping. If the fault is between Stations A and B, 
relays c and c' trip the breakers. The tripping relays c and c' 
are given a higher setting than / and /' in order that the latter 
will not operate unless the carrier can also operate. 

It will be noted in the scheme of Fig. 16 that the coupling 
capacitors are connected from line to ground on only one phase, 
and only one carrier trap is required at each end of each section 
protected. 

The scheme of operation for the carrier-current system is 
really the reverse of that for other directional-comparison 
arrangements previously described. The problem of breaker 
reclosures after fault and power supply at only one end of the 
protected section is inherently cared for. If, for example, in 
Fig. 14 there is no source of power supply at Station A and an 
internal fault occurs, breaker 2 is tripped by c'. Relay c at 
Station A does not operate, and breaker 1 is not tripped since 
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no current flows into the fault from Station A. If the fault is 
external, the operation is the same, whether power supply 
exists at both ends or not. When a faulted section trips out 
and the breaker at one end is reclosed, the breaker instantly 
trips if the fault still exists, since no blocking signal is received 
from the deenergized equipment at the opposite end. 

The use of starting relays with circuit-opening contacts gives 
a more rapid initiation of the blocking signal than circuit-closing 
contacts. The time required for the blocking action is approxi¬ 
mately 1.5 cycles and tripping 3.5 cycles. The failure of a 
transmitter or receiver may cause false tripping on a through 
fault. In order to prevent this a periodic timing device at each 
line end momentarily energizes the transmitter. If the equip¬ 
ment is not at fault, the associated receiver is operated. The 
device is so designed that a signal is given in case the receiver 
fails to operate. 

The same arrangement of protective relays^ as used with the 
carrier-current equipment can be used with battery control 
and a metallic circuit for the communication channel. In case 
the pilot wires parallel the power line and are subject to high 
induced voltages or difference of ground potential between 
stations, it is necessary to provide sufficient insulation for the 
relay equipment and battery. These difficulties can be overcome 
by using alternating-current generators in place of batteries and 
inserting insulating transformers and rectifier units. The 
latter in conjunction with alternating-current generators of 
frequencies different from the power circuit will eliminate false 
operation from inductive interference. 

Short-wave Radio Pilot Channel.—In a scheme employing 
short-wave radio as the communication channel, ^ the method of 
using the transmitted signal to initiate the tripping action is 
used. The elements of the scheme are shown in Fig. 17. The 
directional relays for line-to-line faults are provided with voltage 
restraint. The transmitter and receiver at each end of the 
line are normally blocked by the contacts of the directional relays. 
When an internal fault occurs, the directional relays at both 
ends of the line close. The transmitter at Station A sends a 
carrier of a certain frequency which is modulated by a definite- 
frequency oscillator, and this wave is Received by the receiver 

1 Travbr, O. C., John Auchincloss, and E. H. Banckbr, op. cit ., p. 667. 

* This scheme is in the experimental state. 
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at Station B tuned for the particular carrier frequency. If 
the directional relay at Station B is not closed, there is no 
reception of the signal since the receiver is blocked. The 
fault being internal, the signal is received and the output of 
the receiver is applied to a band-pass filter designed to pass the 
definite frequency. A relay connected to the output of the 
filter is operated by the signal and trips breaker 2. An exactly 
similar operation takes place in the opposite direction. The 
transmitter at Station B sends out a carrier of a different fre¬ 
quency from that at A but modulated at the same frequency. 



Fig. 17.—Fundamental scheme for directional-comparison protection of 
circuits using short-wave radio pilot channel, a, a^ Directional-relay system; 
bi h\ short-wave radio transmitter; c, modulator; d, d\ vacuum-tube audio¬ 
frequency oscillator; e, e\ high-speed auxiliary relay; /, short-wave super- 
regenerative receiver; band-pass filter; h\ impedance-matching trans¬ 

formers; i, high-speed tripping relays. 

This signal is received at Station A and breaker 1 is tripped. 
If the fault is external and to the left of Station A, a signal may 
be sent by B, but no tripping action results since it cannot be 
received at Station A because the directional relays are open. 

The transmitters are designed for short-wave operation 
because much less power is required and the apparatus, tubes, 
etc., are physically smaller and less expensive. Furthermore, it 
is out of the question to operate in the broadcast bands. Where 
distances are not too great, the use of ultra-short waves, 6 m. or 
less, is desirable for several reasons. First, the power require¬ 
ments are insignificant, only a few watts being necessary, and 
the physical size of the apparatus is extremely small; second, 
the high-frequency carrier is not appreciably affected by external 
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disturbances such as lightning or static, for example; third, the 
carrier is definitely directional, and, by proper design of a 
simple reflector system, the transmission takes on the char¬ 
acteristic of beam transmission, thus further eliminating the 
influences of outside effects. It is necessary that the trans¬ 
mitters at opposite ends of the protected section operate at 
different frequencies, otherwise the transmitter at one station 
would operate its own receiver or smother reception from the 
distant station. 

The receiver is of the super-regenerative type designed and 
tuned to receive signals from the transmitter at the opposite end 
of the line. 

Any number of parallel circuits between two stations can be 
protected with only one transmitter and receiver at each station. 
The tripping of the two breakers on each circuit is controlled by 
a definite-frequency oscillator which is actuated by the direc¬ 
tional relays. The oscillator operates through a modulator to 
modulate the carrier wave. A different oscillator frequency is 
used for each circuit, hence only an oscillator and band-pass 
filter are required for each breaker and a common modulator, 
transmitter, and receiver for each station. In case of simul¬ 
taneous faults on two or more circuits, the carriers are simply 
simultaneously modulated with several frequencies and these 
frequencies are separated at the opposite station by means of 
the band-pass filters, and the proper breakers tripped. Two 
carrier frequencies can be used for the protection of any number 
of sections as well as any number of circuits per section. 

This method of relay protection has several advantages over 
all other schemes described, the principal one being that the 
cost is only a fraction of any other where communication facilities 
are not privately owned. There is little possibility of trouble due 
to induction from power circuits. However, the radio channel 
may be affected by other external influences, but the transmitters 
are only on the air for a few cycles during a fault and any inter¬ 
fering frequencies would have to appear at exactly that time and 
contain one of the definite tripping frequencies of sufficient 
amplitude to operate the tripping relays. Such a group of 
circumstances is rather remote; in fact, there is no reason to 
believe the radio system is any more susceptible to false operation 
than any other of the schemes. Because of the short and 
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infrequent periods of signal transmission, no adverse effects 
should be imposed upon other radio transmission and reception. 

General.—The directional-comparison method of rela 3 ring does 
not give the same protection as differential schemes in all respects. 
The differential system is the only one thus far devised which is 
not susceptible to system oscillations approaching a condition of 
instability. By careful design, the protective relays in a direc¬ 
tional-comparison system may be made sufficiently free from 
oscillation effects to be satisfactory for practically all applica¬ 
tions. When severe oscillations occur, voltage and current 
conditions approach those existing during balanced faults 
except that all quantities are oscillatory. 

In some cases it may be advantageous to use an arrangement 
to lock out certain relays during through faults. For example, 
with power flow from Station B left toward Station A and with 
a fault to the right of B, if a source of power is present at Station B 
such as a synchronous condenser or generator, the opening of 
the breaker at B on the faulted circuit may produce a transient 
which will cause the directional element of the relay on the left 
of B to close. An interlock circuit can be used so that when the 
relays on the right of Station B close, the relays on the left 
are blocked from operating. The necessity for such lock-out 
features as this depends upon the particular application and 
preferably should not be xised where avoidable because of the 
added complication. 

In any of the directional-comparison schemes of the initiative 
type, instantaneous overall protection is provided only when both 
breakers are closed. Some provision must be made for making 
the protective scheme operative in case one end of a faulted line 
is reclosed after both ends have tripped. The simplest method 
of accomplishing this consists of introducing an additional 
connection between the contacts of the directional relays and 
the trip circuit through a contact on the breaker-closing control 
switch. When the control switch is in the closing position, 
instantaneous operation is provided. 

The use of any pilot-wire relaying system as the only form of 
protection is unsound practice because the pilot circuit and 
associated equipment are rarely as reliable as the power-trans¬ 
mission circuits. From both an ': electrical and mechanical 
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standpoint, the power circuits are generally far superior to the 
communication channel. The induction-type time-delay pro¬ 
tective relays have definitely proved their reliability superior 
to that of any other form of protection that has been used. In 
view of these considerations, it is necessary to provide additional 
protection in the form of back-up relays so that in case the 
high-speed facilities fail for any reason, the back-up protective 
equipment will operate to isolate the fault. In case a pilot-wire 
system is applied to lines in service, the protective system 
originally installed for protection will afford back-up protection. 
On new installations the back-up protection should be coordi¬ 
nated with all other relays. 

When comparing the schemes of operation it should be noted 
that with carrier current the transmitted signal is used to pre¬ 
vent tripping or the signal is interrupted by the operation of 
the protective relays. With metallic circuits or the short¬ 
wave radio channel, the transmitted impulse may be used either 
to initiate or prevent the tripping operation. The selection of 
the method of operation is a matter which must be studied for 
each different application. With the carrier-current system, 
a failure of the carrier equipment does not interfere with tripping 
the faulted section, but false operations may result from through 
faults. When the transmitted impulse is used to initiate tripping, 
the failure of the communication channel will make the equip¬ 
ment inoperative, and faults will be cleared by the back-up 
relays. Generally, it is more desirable that the failure of com¬ 
munication facilities render the pilot protection inoperative and 
rely upon back-up protection, rather than make the power system 
susceptible to inselective operation. However, if the pilot pro¬ 
tection is installed because proper selectivity cannot be secured 
in any other way, then the other method might be preferable, 
since the trouble resulting from a sustained fault could be far 
more serious than tripping on through faults. 

The problem of selecting the type of a relay-communication 
system to use for a particular application is purely one of eco¬ 
nomics. The type of pilot system should be coordinated with 
the telephone system. If a carrier-current telephone system is 
in use, then this system is the logical one to use for relaying, 
since the same line-coupling devices can be used. If privately 
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owned or leased telephone circuits are used for telephone com¬ 
munication, then these facilities will probably prove the most 
economical. 

The metallic circuit is the simplest type for relaying, but a 
separate circuit is required for each transmission line protected. 
If the circuits are leased, the cost may be prohibitive since this 
is a direct operating expense. It might prove more economical 
to invest in private facilities of some form. The low-frequency 
rectified alternating-current pulse system provides protection 
for two transmission lines using only one telegraph circuit. This 
system is limited to comparatively short distances. When 
stations are directly connected by telephone lines either direct- 
current or rectified pulse can be superimposed upon such circuits 
by simplexing or compositing. When circuits are available for 
telemetering or supervisory control, it may be possible to use 
the same circuits for relaying. 

No specific outline can be given for the design and operation 
of pilot systems because such a wide variety of conditions and 
requirements exists. With any pilot system a considerable 
amount of experimental work is necessary. The schemes 
described in this chapter are of the more important fundamental 
types. Many variations of these methods can be devised to 
meet specific conditions. 



CHAPTER XIII 


HIGH-SPEED RELAY PROTECTION^ 

During the last few years, many system-stability studies 
have been made with the view of determining the conditions 
under which larger amounts of power can be transmitted without 
danger of the generating stations falling out of step under fault 
conditions. As a result of these studies a number of ways of 
preventing loss of synchronism have been found, the most 
effective being high-speed isolation of the faulty section of line. 
The allowable time for clearing faults to prevent two generating 
systems or units from losing synchronism is fixed largely by the 
inherent stability of the system, the severity of fault, and the 
type of fault. 

It is convenient to place systems in two general classifications 
in studying stability. In the first class, there are metropolitan 
systems which normally have a higher degree of stability, due 
to the large number of generating units which are interconnected 
by ties of comparatively low impedance; and, in the second class, 
those systems or generating plants which are connected by long 
high-voltage high-reactance transmission lines and which have 
comparatively a lower degree of stability. The sensitivity of 
long high-voltage transmission circuits to faults is considerably 
greater than in metropolitan systems, the high reactance of the 
high-voltage ties causing a much larger initial angle between the 
two generating systems, and hence the time required to clear a 
fault to maintain a given amount of load transfer over the 
remaining circuits is greatly reduced. 

The application of relaying systems to transmission lines 
requiring high-speed fault isolation in order to prevent instability 

^ A part of general data in this chapter has been taken from the following 
sources: 

Sleeper, H. P., Relaying of High-Voltage Interconnection Transmis¬ 
sion Lines, Trans. A.I.E.E.y vol. 62, pp. 80S-S16, 1933. 

Braley, H. D., Assuring System Stability and Service Continuity by 
Relays, Elec. Worldj Feb. 13, 1932, pp. 310-314. 
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involves problems which are not ordinarily present in the relaying 
of the shorter, lower reactance ties within a system. 

The requirements of an ideal high-speed relay system are as 
follows: 

1. The relays shall operate instantaneously (2 cycles or less). 

2. The relay scheme shall be inherently selective. 

3. The relays at both ends of the line section shall operate simultaneously. 

4. The relays shall not respond to surges between generating sources as 
long as the generators do not fall out of step, in which case the relays should 
operate. 

6. Protection should be provided for phase and ground faults. 

Not only must the relays isolate the faults quickly and selec¬ 
tively, but they must differentiate between the conditions of 
power flow caused by faults on the line section and the power 
flow caused by hunting between the generating sources. In the 
latter case, it is important that the interconnection line between 
sources of generation be kept intact so as to deliver emergency 
power to the part of the system which may have lost one of its 
generating-station ties. 

There are few schemes of relay protection which meet all 
of these requirements. The distance type of phase-relay 
protection is in most common use in high-speed relay systems 
and will be considered first. 

DISTANCE RELAYS 

Distance relays consist of two general types, impedance relays 
and reactance relays. The impedance relay compares the 
magnitude of the voltage with that of the current, the ratio 
being the indicated impedance. The reactance relay compares 
the magnitude of that component of the voltage 90® out of 
phase with the current and the magnitude of the current, the 
ratio being the indicated reactance. 

The Impedance Relay. ^—^The high-speed impedance relay 
is of the balance-point type and has three impedance element-s 
operating with three different impedance settings which cor¬ 
respond to faults occurring within three distance zones from the 
relay. The first zone covers 80 to 90 per cent of the first trans¬ 
mission-line section (Fig. 1) and is protected by an instantaneous 

' Data of this section largely taken from published data of the Westing- 
house Electric and Manufacturing Company. 
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balanced-beam impedance element, operating in conjunction 
with a high-speed directional element. The second zone includes 
the last 10 or 20 per cent of the first section and extends into 
the second section a distan.ee of approximately 50 per cent of that 
line section. The third impedance element gives back-up pro¬ 
tection and is usually set for a balance point about 25 per cent 
into the third line section. This system of time-zone classifica¬ 
tion is necessary because the relaying indications are not an 
absolutely accurate measure of the distance to the fault, so that 
the relay is unable to determine whether the fault is just within 
or just beyond the end of the section. 

The instantaneous element consists of a balanced beam of 
Hipemick iron, which is pulled downward on the forward end 
by a current coil.* The pull of the current coil is opposed by 
two voltage coils acting on the other end of the beam. The 



Flo. 1.—Distance-time characteristic of balance-point distance relays. 

fluxes of these two potential coils are shifted 90® out of phase 
with respect to each other, in order to produce a steady pull, 
so that a practically constant balance is obtained, regardless of 
the phase angle between the potential flux and the current flux. 

The contacts of the instantaneous element are in series with 
the contacts of the directional element, so that the breaker can 
be tripped only in case the power flow is in the proper direction 
(Fig. 2). In order to secure high speed, a new design of direc¬ 
tional element has been developed. A small voltage transformer 
causes a large current to flow in a one-tum movable secondary, 
which current is substantially in phase with the voltage. The 
aluminum one-turn secondary loop is placed in a field produced 
by the current, and a torque is produced which rotates the loop 
in one direction or another, depending upon the direction of the 
power flow. This element has true wattmeter characteristics 
and is extremely fast. 

The synchronous timer consists of a small synchronous motor 
which operates from the current circuit through a small trans- 
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former. The synchronous motor drives a moving contact 
through a set of gears, the moving contact completing the circuit 
by bridging the contacts on the adjustable contact blocks. 
The S3mchronous motor has a floating rotor and is arranged so 
that it is in gear only when energized. The rotor instantly falls 
out of gear when the motor is deenergized, allowing the spring 


Firsi Second Third 



Fia. 2.—Internal diagram of high-epeed impedance relay. 


to stop the motion of the contact, giving quick reset. The timer 
includes two sets of adjustable contacts, the first in series with 
the second-impedance-element contacts and the second in series 
with the third-impedance-element contacts. The maximum 
time setting of the synchronous timer is 3 sec. 

By means of a core screw and taps on the current coil of the 
first impedance element, the pull Of this coil can be adjusted so 
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that it just balances the pull of the voltage when a fault occurs 
at point Zi, Fig. 1. Under this balanced condition the contacts 
will not close. If a short circuit occurs to the left of Xi, the 
current pull overcomes the voltage pull and closes the impedance- 
element contacts of the first impedance element. If the fault 
occurs at point 0, the first impedance element cannot close 
contacts in that the ratio of JS to / is too high. However, the 
second impedance element is adjusted to balance a short circuit 
at Fi and therefore operates for a fault at 0. The third element 
is adjusted to balance at Zi, Settings for relay 2 are shown in 
Fig. 1 as Z 2 , Fa, and Z 2 . 

For line-to-line fault conditions on an individual single-phase 
line, the impedance measured by the relay is equal to the actual 
impedance of the circuit from the relay to the fault, plus the 
effect of any fault impedance which is present. On polyphase 
systems the distance to the fault may not necessarily be correctly 
measured by the impedance relay and may be affected in various 
ways by the type of fault, the system load, and other conditions 
external to the section being protected, as well as by fault 
impedance. This is covered later in the chapter under the 
heading Fundamental Basis for Distance Relaying of Line 
Faults, page 468. 

A simplified form of high-speed impedance relaying is available, 
which consists of one impedance element and one directional 
element. The second and third impedance elements and the 
synchronous timer arc eliminated. This relay can be added as 
supplementary protection to existing induction-impedance relay¬ 
ing or overcurrent directional protection. This single-element 
impedance relay will operate for faults occurring on 80 to 90 
per cent of its own line section. The existing induction-imped¬ 
ance relays will operate for faults on the remaining 10 or 20 per 
cent of the line and operate selectively for faults on adjacent line 
sections. 

Another type of relay is available which combines the standard 
induction-impedance relay element and the single high-speed 
impedance element. The high-speed impedance element oper¬ 
ates for faults on 80 to 90 per cent of the line section and the 
induction-impedance element operates for the remaining 10 or 
20 per cent of its own line section, apd will act selectively for 
faults on adjacent line sections. 



462 RELAY SYSTEMS—THEORY AND APPLICATION 


Reactance Relays.’—^The reactance relay compares the magni¬ 
tude of that component of the voltage 90° out of phase with the 
current and the magnitude of the current, the ratio being the 
indicated reactance. The relay as shown in Fig. 3a consists of 
three units—a starting unit (lower), an ohm unit (middle), and 
a tuning imit (upper). 


Reac+ive-vol+ 
oimpcre elemen+ 
on ohm-urTH 
disc in back of 
sub-bqse 



Diixcb'orvl 
element on 
Hstarting- 
unitdisc 
lin back 
of sub- 
base 


Fiq. 3a.—Diagram showing relation of parts in reactance relay. 


The starting unit is a directional impedance relay which 
operates only on faults which are on the outgoing side of the bus, 
and are within the total ohmic distance over which it is desired 
to give intermediate or long-time protection. It consists of an 
induction disk subjected to the torques of a directional element 

^ Data taken from published data of General Electric G)mpany. 

WABamoTON, A. R. van C., A IJew High-speed Reactance Relay, 
. Truna. AJ-E.E., June 20-24, 1932. 
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and a voltage element in opposition. The directional element 
tends to close the operating contacts only when power flows 
away from the bus. The directional element has maximum 
torque with current lagging 75® behind the voltage. The voltage 
element normally overcomes the torque of the directional element 
and prevents the relay from operating until the volts, amperes, 
and power factor indicate a fault within the zone over which the 
reactance relay is set to operate. When the starting unit oper¬ 
ates, it first opens one set of contacts (which normally short- 
circuit the ohm-unit potential coil) and then closes another set 
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Fig. 36.—Diagram of reactance-relay contact scheme. 


of contacts which starts the timing unit and puts negative poten¬ 
tial on the tripping contacts of the relay. 

The ohm unit measures the secondary reactance from the relay 
to the fault and determines in which of three ohmic ranges the 
fault is located. It is similar to the starting unit except that the 
voltage-restraining element is replaced by a current element and 
the disk is slotted so that it tends to take up a position of equilib¬ 
rium along its travel with its moving contact arm at a position 
on a graduated scale proportional to the reactance up to the point 
of fault. The travel of the contact arm is limited by two sta¬ 
tionary contacts on the ohm-unit scale as shown in Fig. 36. 
The left-hand contact is set to correspond to a point near the end 
of the protected section, and the right-hand contact is set to 
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about the middle of the next section. The contact arm of the 
ohm unit is normally held against the left contact by the torque 
of the current element (the potential coil of the ohm unit being 
short-circuited by the normally closed contact of the starting 
unit.) If, when a fault occurs, the reactance is greater than 
the setting of this left-hand contact of the ohm unit, the contact 
arm will immediately’^ move away from it. As the arm moves up 
the scale, the disk slots under the El element become deeper and 
weaken its torque until it balances that of the current magnet. 
If the ohm unit indicates reactance below the setting of the left- 
hand contact, the circuit breaker will be tripped immediately 
after the starting-unit operating contacts close. The minimum 
operating time of the relay is therefore the operating time of the 
starting unit plus that of the seal-in relay. This minimum time 
is two to three cycles. If the ohm unit takes up a position between 
the two stationary contacts, tripping will occur in a longer 
(intermediate) time. If it reaches the right-hand contact 
(indicating a fault beyond the middle of the next line section), 
the breaker will be tripped in a still longer (back-up) time, but 
only if the breaker in the adjoining faulty section has not cleared 
the trouble. 

The timing or upper unit of the reactance relay measures out the 
intermediate and back-up times referred to above. It consists of 
a clockwork mechanism controlled by an escapement which is 
self-wound by means of a direct-current solenoid. The time arm 
sweeps the scale at a uniform rate and makes a passing contact 
at the first stationary (intermediate) contact mounted on the time 
scale, going on to the second (back-up) stationary contact only 
in emergency. When the solenoid is deenergized, its plunger 
is reset instantaneously by a spring, taking with it the moving 
contact. 

On polyphase systems the distance to the fault may not 
necessarily be correctly measured by the reactance relay. This 
is covered in this chapter under the heading Fundamental Basis 
for Distance Relaying of Line Faults, page 468. 

Composite Impedance-reactance High-speed Distance Relay. ^ 
A composite impedance-reactance relay combines the charac- 

^ Part of data taken from published data of the Westinghouse Electric 
and Manufacturing Company. 

GoLDSBOBOuan, S. L., and W. A. Lbwis, A New High-Speed Distance 
Relay, paper, meeting of A.I.E.E., New York, Jan. 25-29, 1932. 
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teristics of the impedance and reactance types so that the opera¬ 
tion will be essentially independent of fault resistance, without 
requiring the use of an auxiliary element to prevent operation 
under load conditions. The first element, which protects the 
instantaneous zone is an impedance-measuring element as 
already described. The intermediate zone is protected by a 
second element, mechanically a duplicate of the instantaneous 
element. However, on the same core on which the current coil 

is wound is an operating poten- _ 

tial coil which modifies the ^ ^ ^ 

characteristics from pure im- ^ 1— 

pedance, as shown schemati- \ ^r" 

cally in Fig. 4. This potential £xferna/ ^ 

coil is in series with a conden- J /mpe^fnce ' 

ser which leads its current by | - -- 

70®. The pull of this coil alone ^ 

is equal to 70 per cent of the 

pull of the restraining potential ^ "" 

coils. The bridging contacts ^ ! 77 7! Z 

of this element are in series posite impedance-reactance relay, 
with the intermediate time 

contacts on the synchronous-motor-driven timer and also with the 
contacts on the directional element. The third, or back-up, ele¬ 
ment is similar to the third element of the pure-impedance relay. 

This relay is intended for application on the shorter line 
sections where the arc resistance may reach a value comparable 
to the line impedance. The factor which limits the length of 
line to which the relay can be applied is the possibility of the 
element, with the composite characteristic, tripping on load 
currents. The longer the line the greater is such possibility, 
and for the particular characteristic discussed, this limit is 
approximately two secondary ohms. To obtain secondary ohms, 
the primary ohms are multiplied by the ratio-quotient of the cur- 
rent-transformer ratio, divided by the potential-transformer ratio. 
Hence, 20 ohms at 138 kv. with 400:5 current transformers 
80:1 and 1200:1 potential transformers gives a secondary 
ohmic value of 20 X ®%200 or 1*33. 


Fig. 4.—Schematic diagram of com¬ 
posite impedance-reactance relay. 


DISTANCE-RELAYING APPLICATION 

Distance relaying has many inherent advantages to recommend 
it, such as its feature of automatic selective operation by fault 
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location, its simplicity, and its relative low cost as compared with 
other schemes such as pilot-wire protection. It operates instan¬ 
taneously (two cycles or less) for a large proportion of faults on 
the line. It further provides back-up protection by use of timers 
which are set into operation by other distance-measuring units 
within the relay. However, it does not meet the ideal require¬ 
ments of high-speed relaying since its principle of operation 
leaves a zone of 10 to 20 per cent of the line at the far end for a 
safety factor in distance differentiation. Faults in this zone are 
detected by the operation of time-delay devices. However, the 
distance relays will clear the majority of line troubles instantane¬ 
ously from both ends of the section. In the minority of cases, 
where the trouble is near one end, that end will be cleared very 
fast. The reactance of the line to the point of fault, after the 
first breaker has opened, will, in some cases, materially increase 
the stability limit so that the sequential clearing of the second 
breaker may not cause instability. 

There is one system connection wherein instantaneous protec¬ 
tion can be provided for the full length of the line section. This 
is the case where a high-voltage line has transformers at each 
end and the line circuit breakers are connected to the low- 
voltage side of the transformers. The transformers can be 
considered as part of the line, and their lumped impedances per¬ 
mit the distance relay to be set so that all faults on the line and in 
parts of the high-voltage windings of the transformer will cause 
operation of the instantaneous elements of the relays. This 
gives instantaneous clearing of all line faults at both ends of the 
line section. 

Instantaneous operation of high-speed directional relays 
requires that the directional elements operate at high speed. 
The voltage is usually of sufficient magnitude, unless a three- 
phase fault occurs too close to the bus. Where possible, con¬ 
sideration should be given to connecting the directional relay 
potential to the opposite side of the station power transformers. 
Any feed through these transformers will then give an impedance 
drop which will increase the voltage on the relay directional 
elements and speed up their operation. 

Observations on several unstable interconnections have shown 
that distance relays will trip unde# violent conditions of system 
surging. The impedance relay, m general, seems to offer the 
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better chance of holding the systems together under such con¬ 
ditions, since only ratios of currents and voltages are being 
compared in the relays, but may give delayed operation for 
out-of-step operation. On the other hand, the reactance relay 
will be more sensitive to hunting but should operate readily for 
out-of-step operation. 

Distance relays have in some cases been falsely accused in that 
distinction has not always been recognized between hunting 
conditions and out-of-step system operation. Relays should 
operate promptly for out-of-step operation. The ability to 
separate interconnected systems during instability at the most 
desirable geographical point may offer a difficult problem with 
any type of relaying. It is important to apply high-speed 
relaying to all feeders off the main lines so protected so as to 
prevent the condition of instability and minimize system oscilla¬ 
tions. High-speed differential protection of buses may be justi¬ 
fied in many instances. The application of high-speed bus 
protection is discussed in Chap. X. 

The impedance relay is fundamentally the simplest and can be 
made to operate at a higher speed. However, the presence of 
arc re^stance at the point of short^ircuit increases the impedan^ 
as viewed irom tne relay and maE^ the fault appear more distant 
than it really is. The reactance relay, on the other hand, is 
affected to a less extent by the presence of arc resistance but in 
general requires a more complicated structure. Furthermore, 
additional features are required to prevent the operation of this 
type of relay under normal load conditions. 

Tests have shown that the arc resistance is generally quite 
small at the inception of the fault, but that it may increase to 
rather large values if the arc is allowed to persist. This indicates 
that in the first zone, in which the relay is designed to trip 
instantaneously, the error in distance measurement, due to the 
effect of arc resistance, will not seriously affect the operation of 
the relay. However, in the second zone of the relay, where a 
definite time is purposely introduced into the operation of the 
relay, the arc resistance may increase to a sufficient value to 
affect the operation of the relay. On lines of average length the 
fault resistance generally remains within such limits that the 
error with either an impedance or a reactance relay is small 
enough to give proper selectivity. iHowever, on, the shorter 
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lineSj the arc resistance, after several cycles, may become as 
large as or perhaps even larger than the impedance of the line sec¬ 
tion, and for such a case the error in distance measurement using 
an impedance relay becomes considerably larger than the corre¬ 
sponding error using a reactance relay. Hence, for the shorter 
lines, the use of a relay possessing essentially a reactance char¬ 
acteristic is necessary. 

FUNDAMENTAL BASIS FOR DISTANCE RELAYING OF LINE 

FAULTS^ 

In order that high-speed relays employing the distance prin¬ 
ciple be on a sound basis, it is essential that, for a fault at any 
particular location, the distance measurement must be reasonably 
constant irrespective of the type of fault and number of phases 
involved. This is a difficult requirement to attain in that the 
impedance is determined by voltages and currents at the relaying 


G H 



Fig.. 6.—Assumed system for analyzing relay-impedance indications. 

point, and these quantities are affected by fault impedance, load 
conditions, phase angle between generating sources, and mutual 
coupling between lines. 

An analysis will be developed for the impedance measured at 
the relaying point for line-to-line, double-line-to-ground, and 
three-phase faults. The general method employed has been 
completely outlined in preceding chapters. The analysis will 
be applied to the two-circuit transmission lines with a generating 
source at each end, as shown in Fig. 5. It is assumed that the 
two circuits are closely spaced and the zero-sequence mutual 
coupling is considered, but shunt loads, capacitance, and mutual 
coupling are neglected in the positive- and negative-sequence 
networks and capacitance is neglected in the zero-sequence 
network. It is not permissible to consider the internal voltages 

'Lewis, W. A., and L. S. Tippett, Fundamental Basis for Distance 
Rela 3 ning on Three-Phase Systems, an A.I.E.E. paper. Abstract, EUc. Eng,, 
June, 1931, p. 420. Acknowledgment, is given to the above mentioned 
authors for data appearing in their paper, used in this section. 



HIGH-SPEED RELAY PROTECTION 


469 


of the two generating sources to be in phase since the phase 
relations have an important influence upon the relay operation. 
The problem is to determine the impedance or ratio of current 
and voltage, measured at the relaying point for faults involving 
more than one phase at some particular point. The proper 
combination of current and voltage that will give the most 
nearly constant indication of impedance, irrespective of type of 
fault, should determine the proper connections for distance relays. 




TzkGO 0'n)Zm (ZGH0-Zm)llS2 nZm ^HLo"] 

- 

{l-nXZ6H0-Zm)^t5^ ^n(Z6H0-Zm) 

Zero Sec^uence 

Fig. 6.—Sequence networks corresponding to Fig. 6. 

In Fig. 6 are shown the positive-, negative-, and zero-sequence 
networks corresponding to the system of Fig. 5. The two trans¬ 
mission lines are assumed to have identical electrical character¬ 
istics. The fault location is at F. The subscripts on the 
impedance symbol Z indicate the section of the network included, 
thus Zgh\ is the positive-sequence impedance of one circuit 
between Stations G and H. The voltages and currents at Station 
G will be calculated in terms of the constants of the system for 
faults at point F, 

Line-to-iine Fault. —Assume a line^to-line fault between phases 
h and c and a fault resistance Bf between these conductors. 
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Tests have shown that for practical purpose the impedance of an 
arc is pure resistance. For this analysis it is convenient to 
consider a resistance Rp/2 connected to each line conductor at F 
and the terminals of the resistors on b and c closed at W, as 
shown in Fig. 7. This makes the system symmetrical to the 
point W. A little thought will show that this will give the same 
results as the analysis for line-to-line fault with impedance given 
in Chap. III. 

a 
b 
C 


Fia. 7.—^Line-to-line fault representation. 

The sequence voltages at G can be determined by adding the 
sequence-voltage drops between W and G to the sequence voltages 
existing at W : 

Eai = Ian (1 — ti)Zohi + ^ + Ihfi^ + Ewi (1) 

Eo2 = IgF2 (1 “ TI)ZoH2 "t" + Ew2 (2) 

JE?oo “ 0 (3) 

The same phase rotation and relations between phase and 
line voltages and currents will be used as given in Chap. II. 
Resolving the sequence voltages at G into terms of phase voltages 
by the use of the equations developed in Chap. II and remember¬ 
ing that Zqhx *= Zoh 29 Ewi = Ew 2 f and Ifwi = ~^Ifw 2 } 

EaO = 100^1^(1 — n)ZoHi + + laHF-^ + 2Ewi (4) 

Eia = IbGF (1 — n)ZaHl “I" ““ Ewi (5) 

Eco IcOF (1 —' n)ZoBi + leHF^ ““ Ewi (6) 

A mathematical investigation has shown that special forms 
of relay and current-transformer connections are necessary to 
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secure the most constant impedance indication at the relaying 
point. One such circuit is that shown in Fig. 8 in which the 
current transformers are connected delta and the relasrs, star. 
All instrument transformers are assumed to be 1:1 ratio. The 

a 
b 
c 


Fig. 8.—Delta-connected current transformers. Y-connected relajrb. 

currents /«, 1^, ly in the relays have the following values in terms 
of the phase currents: 

/« - /c - /6 = iV3(/i - h) (7) 

lp = Ia-Ic^ i\/3(a*Z, - ah) (8) 

ly^h-h^ jVZiah - a^h) (9) 

Making use of these relations the line voltages at G are: 

EaO — EcG — EbG = Ti)Zgh1 + + laHF^ (10) 

Ebq = Eqq — EcQ *= IpoF "1“ j "f" 

+ 3Ewi (11) 

EcG = El^ — EqG lyGF 1^(1 “1“ lyBF-^ 

— ZEwi (12) 

It was formerly the practice to use line voltage and current for 
operating the relay in which the phase relations were such that 
the current in each relay lagged the voltage by 30° at unity 
power factor. In order to analyze this connection, it is conven¬ 
ient to change the form of the above equations. Since Jo =* 0, 
we may write 

(laOF + IbOF + J«01»’)j^(l 7l)ZGHt + + 

(JaHF + IbHF + JcHf)^^^ = 0 
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Subtracting this expression from the above equations gives 
Eao = —— n)ZQHi + — 2hHF^ 

laO^ (1 ““ '^)ZgHI + j ■“ laHF^ (13) 
EbO =* —2lcGlfj^(l — n)ZQHl + — 2leHF^ 

— •“ 'n)ZQH\ + -^jj “ laHF-^ + SEwi (14) 

Eco = 2laO^{l - n)ZaHl + y] “ 2/aH^ 

— leo^ (1 “■ 'n)ZQH\ + — IcHFY 2Ewi (15) 

Since laOF + I<tHF = IaFw ^ 0, Eq. (13) simplifies to 

= -2Zw,[(l - n)ZoHi + 

~ 2Iihf-^ ~ /aop(l ~ n)Z(iiii (16) 


DoubJe-line-to-ground Fault.—^The conditions for a double- 
line-to-ground fault are shown in Fig. 9 which is similar to the 



Fio. 9.—Double-line-to>ground fault representation. 


line-to-line case except that a resistance Rf is connected at the 
midpoint between phase b and c and ground. The system is 
symmetrical up to W. The sequence voltages at G are the 
summation of the voltage drops from the fault to the point 0. 


Eqi 

Eq% 


loFl 
Iqf%\ 


(1 — n)ZaHi + 


(1 — n)ZQai 


R. 


+ Ihfi-^ + Ewi 
+ luF^Y "t" Ewi 


(17) 

(18) 
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Eoo = ■“ n)ZoHo “I" ^ + 312i?j + Ihfo^^ + ZRf^ 

+ /o^o(l ” 1^)Zin + Ewi (19) 

The line-to-neutral and line-to-line voltages can be found from 
these equations: 

Ebo = ““ 'n)ZoHl 4“ 4“ IbHF-^ 4" toFo[{l — 'n)ZaH0 

— (1 — n)ZoHl 4" SRf] 4“ ^IhFoRf + /ojffo(l — w)Zm (20) 

EcG = /c<?Fj^(l 'I^)Zqh\ 4“ 4" IcHF-^ + /gFo[(1 'n)ZQHQ 

— (1 — u)Zoin 4“ 3/Zf] 4” SIhfoRf 4* fGjffo(l -n)Z™ (21) 

EaQ = Eca “ EbO = /aGF|^(l — n)ZaHl + 4“ laHF-^ (22) 

Equation (22) can be put in a form similar to Eq. (13), since 

a 
b 
o 

Fig. 10.—Three-phaso fault representation. 



laGF 4" IbOF 4* IcGF = SIgfO aud laHF 4" IbHF 4" IcHF — 3/ HFO and 
the following arbitrary expression can be written: 


laOF 4" IbOF 4" Id 


0 (1 — 


n)ZaHi 4" 


4" [laHF 4“ IbHF 4" IcHF 3/hfo]-^ — 0 


Subtracting this expression from Eq. (22) and simplifying by 
use of the relation laOF = ’-laiiF gives 

Eao = —2750^1^(1 ti)Zqhi — 2IbuF-^ 4* 37ofo 

j^(l — n)ZoHl 4* 4” ^hlFOl^ "" loOFiX ■“ 1 l)ZoBl (23) 

Three-phase Faults.—The three-phase fault condition is 
shown in Fig. 10 in which a fault resistance Rf/2 is connected 
between each phase and ground. For this case E 02 = Eao =* 0. 
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Ew «= IhOF 
EtO leOF 
EaO laQF 


(1 - n)ZoBi + 

(1 — n)ZaHi + ^ 

(1 — n)ZGHi + ^ 


I r Ef 

i- IhHF-2 


+ li 


Rf 


, r 

laHF-2 


( 24 ) 

(26) 

(26) 


We may write {laew + Ikf + Imr) [(1 “ n)ZaHi + = 0 

and {Jqhf + IhuF + Ichf) (t) = 0. Subtracting these identi¬ 
ties from the above gives 

Rp 


Eab ** —2J^ 


(1 — n)ZoHi + ^ 


2h 


laGF 


(1 — n)ZoHl + ^ ” 


Rp 


(27) 


Measured Impedance with 30° Connection.—In comparing 
the impedance measured with the 30° connection for the three 
different types of faults, consider first the conditions when the 
fault uppedance is zero. The impedance measured by the relay 
is simply Zr = Eao/ -"Ibop- The impedance relay measures the 
magnitude and the reactance relay the reactive component of 
the resulting expression. Dividing Eqs. (13), (23), and (27) 
by —IbGF and setting the fault impedance at zero gives 


Zb 

Zr 

Zb 


2(1 — n)ZoHi + ( “ n)Zoui (line to line) (28) 

\IbOF/ 

2(1 — n)ZaHi + 

— ■” '^)Zghi (double line to ground) (29) 

2(1 — n)ZaHi -f- ^^^^(1 — n)ZQHi (three phase) (30) 


The first term of each of these equations is similar and pro¬ 
portional to the distance from, the relay to the fault, but the 
second terms involve not only line constants but currents in other 
conductors. Equation (29) also includes an additional term 
containing zero-sequence current. The current Iogf in the 
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unfaulted conductor for the line-to-line and double-line-to- 
ground faults is not controlled by fault conditions and may 
vary over a wide range. This current is a function of load con¬ 
ditions, flow of synchronizing power, and system-operating set-up. 
The third term of Eq. (29) also causes variation of impedance. 
These variable factors produce errors in both impedance and 
reactance relays. 

After the breaker on the faulted circuit at H opens, the value 
of the impedance changes. With this condition Iujf — Ioof — 0 
for line-to-line fault, liOF = huF = Ihfo = 0 for double-line-to- 
ground fault, and Iohf = huF = 0 for three-phase fault. Divid¬ 
ing Eqs. (13), (23), and (27) by —Imf and substituting the above 
relations gives 

Zb = 2 (1 — n)ZoH\ + ^ (line to line) (31) 

Zb = 2 (1 - n)Zo,n + ~ - (1 - n)(ZaHi + 

(double line to ground) (32) 

Zb = 1.73[(1 - n)Zam + (three phase) (33) 

If the fault resistance is zero, this reduces to 
Zr = 2(1 — rCjZoHi (line to line) (34) 

Zr = 2(1 — n)ZaHi “ )(1 — n)ZQH\ (double line to 

\ IhQF / 

ground) (35) 

Zr = 1.73[(1 — (three phase) (36) 

All variable terms are eliminated from Eqs. (34) and (36), 
but the measured impedance is approximately 15 per cent less 
for a three-phase than for a line-to-line fault. The magnitude 
of the impedance is not affected by the 30® rotation of Eq. (36), 
but the reactive component, as measured by a reactance relay, is 
affected by phase rotation, and the measured reactance depends 
upon the phase angle of Zqhi- The reduction may be greater or 
less than 15 per cent depending upon whether the phase angle is 
greater or less than 75®. 

The effect of fault resistance is to. cause a variation of the 
measured impedance for the different types of faults. There is 
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always one term involving pure resistance, but other terms of the 
that represent pure resistance only when the 

currents are in phase. If the currents are not in phase, the term 
will contain resistance and apparent reactance component. 
The reactance component is proportional to the sine of the angle 
between the currents and may be positive or negative depending 
upon the phase relations of the two currents. The fault-imped¬ 
ance term causes the balance point for an impedance relay to 
move closer to the relay, but for the reactance relay the apparent 
reactance component of the fault-resistance term may cause the 
balance point to move in either direction. 

Measured Impedance with Delta Connection.—An examina¬ 
tion of Eqs. (10), (22), and (26) will show that if the current 
laQF is used for relaying instead of —Ibar, the measured imped¬ 
ance is identical for line-to-line, double-hne-to-ground, and three- 
phase faults. If the breaker at H is open, the measured 
impedance for all three types of faults reduces to 

Zr — (1 — n)ZQHi H—^ (37) 

For this condition a reactance relay will have a constant indica¬ 
tion, and an impedance relay will receive an indication which will 
vary with the fault resistance. 

The measured impedance with all breakers closed, using 
Eqs. (10), (22), and (26) for all three types of faults, reduces to 

= (1 - n)ZoHx + ^ + 

For this case the reactance relay is also affected by the fault 
resistance if the two currents are not in phase, but all other errors 
are eliminated. The delta connection is therefore the proper 
one for use with distance relays. 

The delta relaying currents may be obtained as shown in 
Fig. 8 or by connecting the current transformers in Y and the 
relays in delta, and using a filter to remove zero-sequence currents 
from the relays. The indicated ^ impedance is three times as 
great with this connection as the one in Fig. 8, since the relay 
currents are one-third those with the delta-connected current- 
transformer scheme. 
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HIGH-SPEED DISTANCE RELAYING FOR LINE-TO-GROUND 

FAULTS 

It is generally recognized that the high value of resistance which 
may be present in ground faults is sufficient to eliminate the 
ordinary line type of impedance relay or reactance relay from 
being used for line-to-ground fault protection. Even though the 
resistance component is effectively eliminated, there are still 
other factors which cause error in the relay measurement of 
distance. Assuming line-to-ground potential and line current 
for energizing the relay on a line-to-ground fault, it is found that 
the impedance measured by the relay is affected by the fault 
resistance, the residual current in the line being protected, and 
by the residual current in the parallel line. Where two lines 
parallel each other at close spacings, the zero-sequence mutual 
impedance between the lines becomes quite appreciable in com¬ 
parison with the self-impedance, particularly when a fault 
occurs near the remote end of the section. If the parallel line is 
not in service, a considerable variation in the indicated impedance 
is possible. When the fault current divides and comes from two 
or more points to the fault, the proportion of the current in the 
conductor which is residual or zero-sequence depends upon the 
relative impedance to phase and ground currents in that branch, 
and, due to the fact that the impedance of the transmission line 
is much higher to ground current than to phase current, a rela¬ 
tively greater portion of the residual current will usually come 
from the end of the line nearer the fault. These variations in 
indicated vector impedance affect the indicated reactance in 
much the same proportions. From the standpoint of these errors 
alone, the reactance relay presents no advantages, but the effect 
of the resistance terms in the distance-relation equations is 
reduced. The use of residual current instead of hne current 
involves similar errors in distance measurement since the voltage 
to neutral of the faulted phase is not directly proportional to the 
residual current, even when fault resistance is neglected. 

The use of distance relays for ground protection is a very 
recent development, and they have been installed to a limited 
extent in practice. Special current qr voltage compensation is 
used, and an additional set of three relays to those used for phase 
protection is required. Even though there are not, to date, any 
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comprehensive operating data in connection with specially 
compensated distance relays for line-to-ground faults, calcula¬ 
tions indicate that it is possible that suitable ground protection 
can be obtained by this means provided the impedance of the 
section being protected is suificiently great. 

Sufficient data are not yet available to state definitely the 
characteristics of fault impedance, but undoubtedly further 
information will be obtained from future investigations. Until 
more accurate data are available, certain margins determined by 
experiment must be allowed in relay settings to allow for devia¬ 
tions from the assumptions. 

The relations between arc current, voltage, and length of arcs 
on high-voltage circuits have been found to be given approxi¬ 
mately by the expression^ 

SPOOL 

2.5\// 

where V is the voltage across the arc and L the length of arc in 
feet. This is a rough approximation derived from field tests in 
which the arc was initiated by small copper wire. The arc was 
undoubtedly infiuenced somewhat by copper vapors, which 
would tend to give a lower voltage. Above 800 amp., the arc 
voltage seems to become practically independent of the current. 
The arc tends to stretch, due to the effect of air currents pro¬ 
duced by the heat of the arc and by wind. The arc has negligible 
mass, hence will stretch at essentially the same velocity as that 
of the wind. If the current in the arc decreases to some critical 
value, the arc may extinguish without circuit interruption. 
Exact data on arc characteristics in air will not be obtained until 
tests are made in which the arc is initiated by a lightning gener¬ 
ator in order to eliminate the metallic vapor effect. 

Considerable study and investigation are yet required in order 
to perfect reactance ground rela 3 ring. Fortunately, line-to- 
ground faults do not have to be cleared so quickly as phase faults 
in order to maintain stability, and therefore other forms of 
ground rela 3 dng such as current balance, directional overcurrent, 
and inverse-time overcurrent, can in many cases be used to 
effect the clearing of ground faults in sufficient time to prevent 
instability. A complete analysis of the present development in 

^ From published data of the General Electric Company. 
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reactance-ground-relaying principles is therefore not included in 
this chapter. 

HIGH-SPEED BALANCED RELAYING OF PARALLEL LINES^ 

For parallel circuits a current balance relay can be used to 
advantage in quickly isolating the line on which a fault develops, 
leaving the second line intact. It is a simple form of relaying and 
can be applied at low cost. It should not be overlooked, how¬ 
ever, that single-line relaying must be provided also, if high¬ 
speed relaying is desired under all conditions of operation. For 


Bus 



operating restraining operating 
coii coifs coif 

Fig. 11.—Voltage-restraint high-speed current balance relay connections. 

this reason, distance relaying on each of the lines may prove to 
be the better scheme for a particular application regardless of the 
greater initial cost. The choice depends upon many factors 
and requires careful analysis of system-stability limitations. 
The current balance relay has many important engineering 
advantages to recommend it for high-speed protection. 

Voltage-restraint Type of Current Balance Relay. —In Fig. 11 
is shown the voltage-restraint type of current balance relay. 
This relay comprises two balanced-beam units each consisting 
of an armature, two contacts, and four coils. The coils consist 
of one operating coil, one current-restraining coil, one voltage¬ 
restraining coil, and one direct-current holding coil. The 

1 General description of relays and their cl^racteristics are obtained from 
published data of the Westinghouse Electric and Manufacturing Company 
and the General Electric Company. 
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operating and current-restraining coils are located below the 
armature, while the voltage-restraining and holding coils are 
above the armature. 

Under normal operation, the pull on the armature, produced 
by the current-restraining coil and the voltage-restraining coil, 
tends to hold the contacts open. The pull from the operating 
coil operates against the total pull of the restraining coils and 
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Fig. 12.—Operating characteristics of current balance relay shown in Fig. 11. 
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Fig. 13.—Time>current characteristics of current balance relay shown in Fig. 11. 


tends to close the contacts. In case of short circuit on one of the 
protected lines, the current in the operating winding will be in 
excess of that in the current-restraining winding. When this 
unbalance exceeds 26 per cent, and the voltage is low, the pull of 
the operating coil will be greater than that of the restraining coil 
and close the contacts. If, however, full voltage is maintained, 
current through the operating winding in excess of 125 per cent 
of the restraining current will be required. The operating and 





HIGH-SPEED RELAY PROTECTION 


481 


restraining characteristics of the relay, with and without voltage 
restraint, are shown in Fig. 12. For practically all short-circuit 
conditions a time of less than one cycle will be obtained. Time- 
current characteristics for various values of current restraint are 
shown in Fig. 13. 



Fig. 14.—Schematic connections of induction-loop type of current balance high¬ 
speed relay. 



Fig. 15.—Internal diagram of current balance relay shown in Fig. 14. 

Induction-loop Type of Current Balance Relay.—A schematic 
connection of the induction-loop type of current balance relay 
is shown in Fig. 14 and a more complete internal scheme of con¬ 
nections in Fig. 15. The windings Ti and are on the trans¬ 
former which excite the aluminum loop. This rectangular loop 
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depending upon the relative direction of the current in the loop 
and the flux in the field which cuts the loop. This relay operates 
in one cycle or less. Operating characteristics are shown in 
Figs. 16 and 17. Current balance relays for phase protection 
cannot be made as sensitive as the ground relay, the reason 
being that the relay must carry th^ load current, and the load 
current on one line with the other one out of service will trip the 
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remaining line. This has been overcome by making the pick-up 
current high enough so that the load current, even if all on one 
line, will not be sufficient to trip the relay. The pick-up value 
automatically increases two to three times when one line goes 
out of service. 

Current Balance Ground Protection.—^The high-speed current 
balance relay can be applied for the protection of line-to-ground 
faults. Owing to the difficulties involved in applying distance 
relays for ground protection, the current-balance scheme offers 
a very satisfactory solution for the protection of parallel lines. 
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Fio. 18.—Diagram of connections for high-speed current balance ground 

protection. 


The only limit to the maximum sensitivity of the relay is the 
accuracy of the current transformers. If the current trans¬ 
formers balance with very small ratio and phase-angle errors, the 
residual line current is very small, and a very sensitive setting 
of the ground-current balance relay may be utilized. (See Fig. 18 
for a diagram of connections.) 

Comparison of Current Balance and Distance Relaying.—^The 
high-speed current balance relay giv^ instantaneous sequential 
operation of the relays on the two ends of a line section protected 
by balanced relays, as compared with the instantaneous and first- 
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time-zone operation of distance relays for all faults occurring in 
the end zones of such a paired line. By end zone is meant the 
10 or 20 per cent of the line beyond the balance point of the 
instantaneous element of the distance relay. For the sake of 
simplicity, a 15 per cent end zone will be assumed. The total 
maximum time of clearing an end-zone fault with distance relays 
is the instantaneous relay operation plus the first time element 
of the relay at the other end of the section plus the operating 
time of two circuit breakers. In many cases the maximum time 
will be that of the first time element plus its breaker time, 
assuming the relays at both ends start operating immediately 
at the inception of the fault. With the balanced relay system 
the total time for clearing a short-circuit close to one bus is that 
of one instantaneous relay plus one circuit breaker on one end, 
plus one instantaneous relay and its circuit breaker on the other 
end. After the first end clears, all of the short-circuit current is 
available to unbalance the instantaneous current balance relay 
at the other end. 

Faults in the 70 per cent (two 15 per cent end zones subtracted 
from 100 per cent line length) instantaneous operating zone of the 
line will of course be cleared by the instantaneous simultaneous 
operation of distance relays or the current balance relays at 
both ends. It is obvious that the balanced system of relaying 
has certain advantages, but there are also certain disadvantages 
as follows: 

1. Cross-connection between current transformers. 

2. Necessity for interlocking the relays with the circuit breakers to pre¬ 
vent the tripping of the good line while the faulted line is clearing the second 
end. 

3. Necessity of using special high-speed auxiliary switches adjusted to 
open before circuit breaker stops arcing. 

4. Hazard of tripping a loaded line while switching in the other line of the 
pair. 

6. Necessity for providing single-line protection. 

It is, of course, possible to combine the two schemes by using 
balanced relays for parallel-line operation and distance relays 
for single-line operation. 

Simple Overcurrent High-speed Relaying.—Simple over¬ 
current relays can in some cases be used to operate instanta¬ 
neously for certain locations of faults, but their zone of safe 
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selective operation is necessarily limited because of the variations 
in the magnitudes of ground-fault currents under various system- 
operating conditions. In some instances the relays can be set to 
operate instantaneously to disconnect the line-to-ground faults 
over a very maximum of 75 per cent of its length from each end, 
giving simultaneous and instantaneous operation at both ends for 
faults occurring over 50 per cent of the line. However, a large 
percentage of the faults outside the 50 per cent zone will cause 
sequential operation of the instantaneous ground relays on the 
two ends of the line, due to the resulting increase in current after 
the first breaker has opened. The fast operation, for faults 
close to the ends of a line section, of the breaker near the fault 
usually permits stability to be maintained on the near system, 
and the reduced power from the far system frequently permits 
that end to be cleared quickly enough to prevent a serious dis¬ 
turbance. It should be kept in mind that a longer time is allow¬ 
able for clearing ground faults before the stability limit is reached 
than is the case for phase faults. 

This type of relay consists merely of a solenoid coil and plunger 
to which contacts are fastened. The speed of operation is one 
to two cycles above approximately 125 per cent pick-up. The 
operating value is adjustable over a range of 3 to 1, and many 
different coil ratings are available. The drop-out values range 
from 90 to 98 per cent of the pick-up value. 

High-speed Directional Overcurrent Relays.—^The application 
of the conventional-type slower speed overcurrent directional 
relays is covered in detail in Chap. XI. The principles of 
application of the high-speed type are similar, the main difference 
being that the relays operate at higher speed. However, the 
construction of the relays differs materially. 

The type of overcurrent directional relay giving the lowest 
operating time is of the solenoid current element and aluminum- 
vane directional type. The current element is similar to the 
instantaneous overcurrent relay and the directional element 
similar to that used in the impedance relay. The directional 
element can be polarized by use of a potential coil connected to 
the secondary of potential transformers, or it can be supplied 
with a coil which can be polarized from, a current transformer in 
the neutral of the transformer bank. This is illustrated in Figs. 
19 and 20. This relay can be applied to the cross-connected 
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system of relaying as discussed in Chap. XI. It is particularly 
applicable for line-to-ground fault protection of parallel lines at 
a substation which does not have a separate source of power 
connected to the bus. For parallel-line protection the over- 
current winding is connected in the differential circuit of cross- 
connected current transformers and receives but little current 
normally or in case of through faults. During faults within the 
relay's own line section, a large differential current flows through 



Fio. 19.—Overcurrent directional high-speed ground relay polarized by potential 

transformers. 

the overcurrent element, and the faulty line is selected by means 
of the directional element. The relays are unidirectional, three 
relays being required per line for phase protection and one relay 
per line for ground protection. For protection during single-line 
operation, additional relays with appropriate time charac¬ 
teristics are required. For further details concerning parallel¬ 
line relay systems refer to Chap. XI. In many instances it is 
possible to apply one ground relay to each of the parallel lines, 
eliminating cross-connections. This then gives parallel- and 
single-line operation with the same relays. 

A second type of high-speed directional relay has three com¬ 
plete power elements, taking current and voltage from all three 
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phases of the protected circuit, which exercise torques on the 
rear sectors of three aluminum disks. In addition, the front 
portion of the lower disk rotates in the field created by two supple¬ 
mentary potential circuits connected in open delta, which restrain 
the action of the relay in proportion to the area of the voltage 
triangle existing at the relay location. This restraint prevents 
operation of the relay during power reversals incidental to ordi¬ 
nary operation which do not result from the presence of a fault. 
As in other relays of this type the direction of torque is controlled 
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Fig. 20.—Overcurrent directional high-speed ground relay polarized by neutral 
current transformer. 

by the direction of power flow at the point of application. How¬ 
ever, this relay is much faster in its operation than the conven¬ 
tional induction-type directional relay. The resonant character 
of its potential circuit gives it a faster operating time at low 
voltages than is the case with conventional normal-speed relays. 
The potential coil of the directional element is in series with a 
capacitor which tunes it at the system frequency. A special 
resistor is connected in parallel with the coil. At low voltage 
the special resistor has the inherent characteristic of a high- 
resistance value, and hence practically no current passes through 
it. The coil and capacitor are, therefore, in series resonance, 
and the voltage across the coil is several times the line voltage 
so that the torque of the element is maintained even at a low 
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voltage. Special lagging of the potential flux and the use of the 
quadrature connections further aid in obtaining high speed. 
Time curves are shown in Fig. 21. High-speed overcurrent 
relajrs are required in the equipment for power-directional pro¬ 
tection when using this high-speed polyphase directional relay, 
generally for the purpose of preventing the tripping of a line 
until certain predetermined current values are reached. In the 



Fio. 21.—Time-current characteristics of special high-speed induction-type 
power-directional relay. 

case of balanced lines, they insure that neither line will be 
tripped unless the vectorial difference of current in the two lines 
is in excess of their settings. 

APPLICATION OF HIGH-SPEED RELAYS TO A COMPLETE 
TRANSMISSION SYSTEM 

In Fig. 22^ is shown a single-line diagram of a large power 
system on which complete high-speed rela3dng is required if 
stability limits are to be maintained. Conventional normal- 

^ A paper was presented by G. W. Ger^ll at A.I.E.E. meeting, Cleveland, 
Ohio, June 20-24, 1932—“Application of High Speed Relays”—^which an¬ 
alyzes a Protection System of this same general system-circuit arrangement. 
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speed relays and breakers would cause Station A to pull out of 
step with Station C as a result of faults occurring on the 132- or 
66-kv. lines. 

In applying high-speed relays to a system of this kind, it is 
not only necessary to make a complete short-circuit study, but 
it is also essential that a thorough analysis of stability limits be 

ISmOKva. 

SubshHon Sfeamgeneration sfaHon C ■ 



Fig. 22.—Typical high-voltage transmission system which requires high-speed 

relay protection. 

made in order to determine in what time line-to-ground, two- 
line-to-ground, and phase faults must be cleared in order to 
prevent instability. Such studies are usually made on an alter¬ 
nating-current calculating board in order to eliminate laborious 
analytical calculations. 

Parallel-line sections connect Station A to Substation B, 
Substation B to Station C, Station C to Substation D, and Sul>- 
station D to Substation E. A single-line section connects 
Substation E to Station A. 

Rela3ring of Line Section, Station A to Substation B.—The 
parallel-line section immediately suggests the use of current 
balance relasrs at both ends of the section. However, single-line 
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protection must be provided and this suggests the use of distance 
relays. The arrangement of Station A is such that the station 
may be operated with the bus-tie breaker open; in fact such 
operation may work out to advantage for certain system con¬ 
ditions. The output of a hydroelectric station varies within 
wide limits for different seasons of the year, and therefore the 
relaying and switching equipments should be arranged to give 
as flexible an operating schedule as possible. 

For parallel-line operation the high-speed current-balance 
system of operation at Station A will give effective phase pro¬ 
tection and ground protection. Three-line type current balance 
relays and one current balance ground relay will be required at 
Station A for parallel-line operation. At Substation B, distance 
relays for phase protection and high-speed directional over- 
current relays for ground protection will give complete protection 
for phase and ground faults under conditions of parallel- or 
single-line operation. 

For parallel-line operation, faults on 85 per cent of a line 
section out of Station A will give simultaneous relay operation 
at both ends. Faults close to Substation B will not give suffi¬ 
cient unbalance of current in the current balance relays at Sta¬ 
tion A to operate the relays. However, as soon as the breaker 
at Substation B on the faulted line has opened, there will be 
sufficient unbalance at Station A to give operation. The dis¬ 
tance phase relays and directional ground relays at Substation 
B will operate instantaneously for faults on the complete line 
section from B to A. The distance relays for breakers 3 and 4 
can be set to operate in the instantaneous zone for the complete 
line impedance plus part of the transformer bank. Faults on 
the low side of the transformer bank will throw the impedance 
measurement into the second or timed zone of the relay. This 
is important because the timed zone of the distance relay will 
allow bus differential to clear a faulted bus section, or differential 
protection of the transformer to trip off the transformer, and yet 
not open up the line connected to the good bus section. Faults 
on 86 per cent of the line section for parallel operation between 
Stations A and B will operate the relays simultaneously in 1 
cycle. This assumes that impedance relays are used for breakers 
3 and 4; if reactance relays are used.the time for this end will be 
2 to 3 cycles. In giving the time .of operation at points where 
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either impedance or reactance relays are applicable the lower 
time will be given, which is one cycle. Assuming a 6-cycle 
breaker, this gives a total clearing time of 7 cycles. For 15 per 
cent of the line close to Substation B the total clearing time for 
parallel-line operation will be on a sequential basis, or 1 cycle 
plus 6 cycles for distance relay and breaker at Substation B, 
plus 1 cycle and 6 cycles for current balance relay and breaker 
at Station A, giving a total of 14 cycles. 

For single-line operation, distance relays of the reactance or 
impedance type can be applied to Station A, breakers 1 and 2, 
to give phase-fault protection. The line is 100 miles in length 
so that the arc resistance will not materially affect the distance 
as measured by an impedance relay at Station A. The distance 
relay will operate in its instantaneous zone for faults on 85 per 
cent of the line section from Station A. This means that the 
distance relays at both ends will give simultaneous operation for 
faults within 85 per cent of the line length out of Station A. 
This gives a total clearing time of 7 cycles. For fault s within 
15 per cent of the line length out of Substation B, the distance 
relays at Station A will operate in the intermediate-timed zone 
of 20 cycles. The clearing time for the breaker at Substation B 
will then be 1 cycle plus 6 cycles or a total of 7 cycles. The 
clearing time for breaker at Station A will be 20 cycles for relay 
plus 6 cycles for breaker, giving a total of 26 cycles. This is 
not serious in this particular case since the opening of the breaker 
at Substation B in 7 cycles removes the fault from the rest of 
the system so that the long time for opening the breaker at 
Station A will not affect the stability limits of the complete 
system. (The case just described assumes, of course, single-line 
operation, that is, only one line section operating between 
Stations A and B, or two line sections operating with tie breaker 
open at Station A.) The necessity for a time as long as 20 cycles 
for the intermediate zone of the distance relay will be obvious 
when the relaying of the next line section is discussed. 

Now let it be assumed that only distance relays are used at 
Station A (the line-type current balance relays being eliminated). 
In other words, distance relays are used for both single- and 
parallel-line operation. Assuming parallel-line operation, a 
fault on one" line within 15 per cent of the line out of Station B 
will require a total clearing time of 20 cycles for relay and 6 cycles 
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for the breaker at Station A, or a total of 26 cycles. It is true 
that, should the fault occur near breaker 4, this breaker will 
open in 7 cycles, but the fault is held on the system until breaker 
2 opens. Distance relay for breaker 3 will measure a distance 
such that it will operate in the back-up time zone, thus giving 
selective action. If current balance relays are used at Station A 
for parallel-line operation, the fault will be cleared in 14 cycles, 
giving faster time by a margin of 12 cycles. 

For protection of ground faults during parallel operation, it has 
already been stated that a high-speed current balance ground 
relay is used at Station A for breakers 1 and 2, and instantaneous 
directional overcurrent ground relays at breakers 3 and 4. 
Ground faults on 85 per cent of the line length will give an overall 
clearing time of 7 cycles; the remaining 15 per cent of the line 
giving 14-cycle operation. However, for single-line operation 
another condition exists. The ground relays for breakers 1 and 
2 during single-line operation must be timed so as to act selec¬ 
tively with breakers 5 and 6. This again does not present a 
serious problem in that, after the breaker opens at B on section 
A-B, during single-line operation, the rest of the system is 
relieved of the fault. 

Relaying of Line Section; Substation B to Substation C.—^This 
section is very similar to the line section just described. It is 
60 miles in length, somewhat shorter than the 100-mile section 
from A to B, but still long enough so that distance relays of the 
impedance type as well as of the reactance type are applicable. 
At Substation C the two lines from Substation B terminate in 
transformers, which can therefore be considered as part of the 
line. 

At Substation B for breakers 5 and 6, high-speed line-type 
current balance relays for phase-fault pr6tection will give the 
fastest overall clearing time, as described in detail for the line 
section between Station A and Substation B. For single-line 
operation the distance relay is applicable. EflFective ground 
protection can be provided by the use of a high-speed directional 
overcurrent-relay for each of the breakers 6 and 6. 

It should be noted particularly that instantaneous directional 
ground relays are applicable at brec^kers 3, 4, 5, and 6, because 
these breakers represent the first opening point in selective 
clearing of faults with breakers 1, 2, 7, and 8. Breaker 6 must 
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be selective with breaker 2, and breaker 6 with breaker 1. In 
the opposite direction, breaker 4 must be made selective with 
breaker 8, and breaker 3 with breaker 7. Also, a study of the 
transformer connections will make it obvious that the two line 
sections C to B to A represent a system in itself as far as ground 
currents are concerned. Directional ground relays can therefore 
be made to operate instantaneously for breakers 5 and 6 in that 
selective operation is not required for ground faults beyond Sta¬ 
tion C, on line sections C to D and D to E. 

At Station C, current balance line and ground relays are 
applied for parallel-line protection and distance relays for single- 
line operation. For ground-fault protection during single-line 
operation, it is necessary to provide time-delay relays for breakers 
7 and 8. It is recognized, however, that it is desirable to open 
these breakers as quickly as possible, particularly for a fault 
within 50 per cent of the line section out of Station C. An induc¬ 
tion-type inverse time-delay relay is available, having two cur¬ 
rent coils and developing a torque equal to the square of the 
current. This relay can be designed to give 4- to 5-cycle opera- 
tion with faults close to Substation C, yet give sufficient time 
delay for selective operation with faults in the line section B-A, 
This relay is more fully described in Chap. XI. 

Relajdng of Line Section; Station C to Substation D. —^This 
parallel-line section is only 5 miles in length. High-speed 
current balance relays can be provided at both ends for line and 
ground faults during parallel-line operation. Reactance-type 
distance relays can be applied for phase faults during single-line 
operation. For ground protection during single-line operation, 
time-delay ground relays are required for breakers 9 and 10. 
The line section is so short that it is not possible to discriminate 
between ground faults close to Station C as against those occur¬ 
ring close to Substation D. A ground relay having a highly 
inverse operating characteristic is therefore not applicable. 
This time delay for ground faults close to Station C during single- 
line operation is very objectionable. Instantaneous overcurrent 
directional ground relays can be applied to breakers 11 and 12. 

The section between Station C and Substation D is difficult to 
relay satisfactorily at high speed. For such a section, pilot- 
wire relaying may be the only satisfactory solution. With 
pilot-wire relaying, line and ground faults can be cleared in a 
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total of 7 cycles. This form of relaying has been developed to a 
point where it should be given serious consideration and is very 
likely to be the best choice for an important short section out of 
the main generating station. 

Relaying of Line Section; Substation D to Substation E.—This 
section is approximately 10 miles in length and in addition has a 
transformer bank in each line at Substation E. High-speed 
cuirent balance relays and reactance relays will give better 
protection than can be obtained by this same type of relaying 
when applied to section C-D. Instantaneous directional over¬ 
current ground relays can be applied to breakers 13 and 14, but 
time-delay ground relays are required for breakers 15 and 16. 

Pilot-wire relaying would give fast and effective protection to 
this section and should be given serious study as a substitute to 
the above relaying. 

Relaying of Line Section; Substation E to Station H.—^This 
section gives an ideal set-up for simple effective relaying by use 
of distance relays for phase faults and instantaneous overcurrent 
relays for ground faults. A transformer bank is connected to 
each end of the line. The distance relays can therefore be set for 
instantaneous operation for the complete line length. A simple 
instantaneous overcurrent relay at each end will clear all ground 
faults instantaneously. This gives 7-cycle clearing of phase and 
ground faults for the full section. 

SUMMARY—HIGH-SPEED RELAYING 

The relaying described for system connections (Fig. 22) is not 
given as an example of relaying which has reached the ideal form 
of protection. An attempt has been made to indicate how diffi¬ 
cult it is to clear all faults on a system at high speed. No relay 
system yet devised can be expected to give perfect operation. 
If a scheme fulfills the theoretical ideal, there are practical dis¬ 
advantages such as initial cost and maintenance expense. The 
question naturally presents itself as to how far the complications 
of relaying should be considered in order to attempt to get high¬ 
speed operation for all types of faults. This question cannot be 
answered in a general way because each system has individual 
characteristics, and obviously the economic factors must be 
given due weight. There are interconnections now in operation 
which by calculation cannot maintain stability, if a three-phase 
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short circuit exists longer than 3 or 4 cycles. No protective 
scheme can accomplish this, if the circuit breakers require 6 cycles 
or more to clear the arc. It is true that very recent develop¬ 
ments indicate that a breaker-opening time of 3 cycles is possible 
for certain classes of voltage and interrupting capacity, but 
these breakers are not only very special but highly expensive. 

In the early part of this chapter, it is explained that the ideal 
high-speed relay system should be unaffected by swinging con¬ 
ditions between sources of generation, as long as the systems do 
not get out of step, in which case the relays should operate. 
The system of relaying described for the system connections 
shown in Fig. 22 does not fulfill this ideal for all conditions but 
does give the best practical solution available at present. 

In Chap. X, on Differential Protection, it is explained how 
important it is not to overlook high-speed bus protection and 
apparatus protection, if the transmission-line protection is set 
up on a high-speed basis. Here again these questions present 
themselves: How much is such protection worth? Huw often 
do such faults occur? On many old substations, that have been 
later tied into a high-speed transmission system, such protection 
is imperative. In installations where thought has been given to 
the recent developments in insulation coordination and lightning 
protection, differential bus protection may not be necessary. 

A complete chapter has been devoted to the principles involved 
in pilot-wire relaying. The relay systems which require pilot 
lines give protection which is in the high-speed class. Carrier- 
current pilot-relay schemes are not in the instantaneous zone of 
high-speed relaying in that approximately 4 cycles is required 
for the relay time. However, its average time for all locations 
of faults is still 4 cycles.^ In distance-relay systems there may be 
a zone of fault location which requires 20 cycles for relay time 
in order to provide proper selectivity, and averaging this with 
the instantaneous-zone operation may give a fictitious average 
time higher than that for carrier-current relaying. It is not 
entirely logical to use a fictitious average time of distance schemes 
for purposes of comparison. The high-speed clearing of one end 
often prevents instability, so that, even though the opening of 
the second breaker is given a time delay, the distance-relay 

1 Refinements based on operating experience are rapidly being made in 
carrier-current systems. At present two systems are available, one having 
an operating time of four cycles and the other two cycles. It is probable 
that this time will be further reduced as new developments are brought out. 
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system should be considered a high-speed relay system if it 
prevents instability. The slower opening of the first breaker in a 
carrier-current relay system may partially offset the fact that its 
fictitious overall clearing average may be less. The distance- 
relay system has practical operating data on which to base its 
application. The carrier-current scheme is a new development 
and shows great promise for affording high-speed protection of 
important circuits. 


AUTOMATIC-OSCILLOGRAPH DATA; HIGH-SPEED RELAYING 

To analyze properly high-speed-relay and circuit-breaker 
operation during system faults it is necessary to have oscillo¬ 
graph records available. Automatic oscillographs that start 
operating at the instant a fault occurs will provide these data. 
The line sections clear so quickly that it is impossible to study 
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Fxo. 23.—^Tracing of actual oscillograph recorded on 132-kv. parallel line section 
(line section B-C, Fig. 22). 


intelligently and improve the relay system without knowing 
exactly the sequence and time of opening of the circuit breakers. 
Automatic oscillographs should be installed at all important 
stations and substations in order to obtain complete data. 

In Fig. 23 is shown a typical oscillograph record obtained on a 
line section similar to B-C, Fig. 22. Breakers 5, 6, 7, and 8 
tripped. An intelligent analysis of what occurred would have 
been impossible without such an oscillogram available. 

The oscillogram indicates that a line-to-ground fault occurred 
on line 2 and cleared in 6 to 7 cycles. A second line-to-ground 
fault occurred on line 1, approximately 20 cycles after the fault 
had cleared on line 2. The second fault cleared in approximately 
7 cycles. Without the oscillogram it would have been assumed 
that a simultaneous stroke occurred on both lines, but investiga¬ 
tion of the lines substantiated thjs oscillogram and it was found 
that the faults occurred approadmately 20 miles apart. 
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CHAPTER XIV 


WAVE-FORM PHENOMENA AND THEIR EFFECTS IN 
RELAY CIRCUITS 

The assumptions usually made in the study and application 
of protective relay schemes are: 

1. The wave shape of the fault currents and voltages are sinusoidal. 

2. Transient components of fault currents can be neglected. 

3. The wave shape and magnitude of currents and voltages in the low- 
voltage circuits of instrument transformers are exactly equivalent to those 
quantities in the high-voltage circuits. 

4. The speed of operation of relays under test and under actual system 
faults for similar conditions are the same. 

In recent years the complexity of relay problems has increased 
immeasurably with the expansion and interconnection of power 
systems. Many large companies have found it necessary to 
revise completely their major relay systems. To meet the 
more involved operating conditions, relays must be fundamen¬ 
tally more accurate; applications by the method of complete 
short-circuit studies for steady state and, in special cases, tran¬ 
sient conditions must be made. Field tests must be carefully 
made, and attention must be given to the characteristics of 
auxiliary devices, current transformers, potential devices, etc. 
In brief, all errors entering into the operation of relays should be 
thoroughly understood and corrected, or allowance made where 
complete correction is not practical. 

When testing and calibrating relays it is important to use a test 
circuit which will provide a good wave form.^ With the same 
current, the time of operation of protective relays should be the 
same during faults or tests. In general, the wave form of short- 
circuit currents approaches a pure sine form, if an appreciable 
amount of impedance is present in the circuit. Harmonics of 
considerable magnitude may exist in the fault current for ter¬ 
minal short circuits on rotating ma^jiines, but for the more usual 

1 Robinson, P. H., and I. T. MoNSBTk, Theory and Application of Relay 
Systems, BUc, Jowr,f December, 1931, p. 685. 
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line faults the impedance of transformers, lines, etc., is so high 
that harmonics of large magnitude cannot flow. 

If relays are tested, using current of other than sine wave form, 
the time of operation under test and actual fault conditions will 
be different. In extreme cases this may lead to inselective relay 
operation. Such a case of trouble would probably never be 
isolated without the use of an oscillograph. The proper calibra¬ 
tion of relays is, of course, most important on complex 
systems, where various line sections must be cleared selectively. 

The usual effect of a distorted wave form is to cause a delay in 
the operation of the relay. Therefore, if relays are tested with a 
distorted wave, the actual operating time under fault will be 
shorter than that indicated by test. 



Fig. 1.—Fluxes and currents in induction-type relay. 


The majority of relays in use today operate on the induction 
principle, including simple overcurrent, distance, current balance, 
phase-balance, differential, volt-ampere or residual relays, volt¬ 
age, and reactance relays. The advent of high-speed relays has 
opened a new field of development but even here the induction 
principle is employed in certain types. 

There are two general ways of obtaining a torque in induction- 
type relays. One is by arranging the physical position of the 
flux-producing poles so that the flux of the pole reacts with the 
portion of the eddy currents induced by a second pole which lies 
in the field of the first. Thus, in Fig. 1, the flux of pole a reacts 
with that part of the eddy currents induced in the disk by the 
flux of pole c which is within the field of a. Similarly, the flux of 
pole h reacts with the portion of the eddy currents induced by 
the flux of pole c that is in its field; and the flux of pole c reacts 
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with the eddy currents of poles a and h in its field. Application 
of Lenz’s law for the direction of the induced currents, and the 
law for the direction of force exerted by a magnetic field on a 
current flowing at right angles to the field, will show that the 
torque produced by all reactions will be in the same direction. 
Therefore, the resultant torque at any instant will be the sum of 
these. The relation of the three fluxes is shown vectorially in 
Fig. 2. The flux <t>c is shown lagging 0a by 90® and, therefore. 



Fig. 2. —^Vector relations of fluxes and currents in induction-type relay of Fig. 1. 

in phase with the voltage 6a induced by the flux 0a. This voltage 
Ba produces the current ia lagging at an angle depending upon the 
impedance of the eddy-current path. A torque will be produced 
by the reaction of flux 0c with the component of ia in phase with 
it. This torque will always be in the same direction, varying 
from zero to a maximum. For maximum torque, <t>e should lag 
0a a little more than 90®. The. reaction between 0c and the 
quadrature component of ia will be alternately positive and 
negative and, therefore, will produce no resultant torque. A 
similar analysis may be made for the other reactions. 
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The second method of producing a torque is shown diagram- 
matically in Fig. 3. This is the well-known shaded-pole principle. 
A short-circuited turn around a part of the pole causes the flux 
under the turn to lag the flux in the other part of the pole, its 
rise to a maximum value and subsequent fall being retarded by 
the current induced in the short-circuited turn. This results in a 
sweeping of the flux across the air gap under the pole, which 
induces eddy currents in the disk. The reaction of the induced 
currents with the pole flux produces the torque. The relation 
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Fiq. 3.—Fluxes in shaded>pole induction 
type relay. 



Fig. 4.—^Vector relations of fluxes 
and currents in shaded-pole induc¬ 
tion-type relay of Fig, 3. 


of the fluxes and current is shown on Fig. 4. The flux in the 
unshaded portion of the pole is represented by and that in the 
shaded portion by <l) 2 - The flux induces the voltage 6i in 
quadrature with it. The voltage Ci produces the current ii 
lagging it by a small angle. The component of ii in phase with 
02 reacts with 02 to produce a torque. It is easily seen that the 
greater the angle of lag between 0i and 02 the greater will be the 
component of ii in phase with 02 and, therefore, the greater will 
be the torque. 


EFFECT OF WAVE FORM ON RELAY TORQUE 

A general equation for relay torque with a symmetrical non- 
sinusoidal wave may readily be developed. 

Let 

Ti « average torque produced by 0u and idi. 

T ^ Ti + T 2 — total torque acting on relay. 
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$ and I « maximum values of flux and current. (Same 
subscripts as for instantaneous values used to 
indicate particular flux or current.) 
a, j9, 7 , and X « phase displacement of quantities with respect 
to a common reference. 



k and k^ = constants. 

Zd = impedance of relay disk. 

Subscripts 1, 3,. . . indicate order of harmonic. ^ 

Assume a flow of current in the upper coil which produces a 
flux of some form: 

4>u = ^tii sin (co^ “1“ ai) + sin {3o)t + as) “f* * * * (1) 

This flux induces a voltage Cdu in the disk: 

e. - -Nf 

which produces a current idu» 

This current will have some wave form 

id* = Idui sin ((at + jSi) + /dus sin (Scat + jSs) + * * * (2) 

different from that of the flux <t)u. 

The instantaneous torque produced by the reaction of Uu 
and the flux 4>i will be: 

t\ “ k(f)j^du 

= sin ((at + 7 i) + $13 sin (3(at + 73 ) + * • • ] 

[Idui sin ((at + /?i) + Iduz sin (3(at + Pz) + • • • ] (3) 

Similarly^ the instantaneous torque produced by idi and will be 

t2 = k'<l)Jdi (4) 

The average torque produced by the reaction of idu and is 

Ti = -JT h « k<l}tidu 

“ ^J[ [$u sin ((at + 7i) + sin (S(at + 73 ) + * • • I 

[Idui sin ((at + jSi) + Iduz sin (3c*>^ + j8«) + * * • ] 

^Symbols having the subscript I, u, or d refer to the lower coil, upper 
coil, and disk respectively. 
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The expression under the integral sign involves product terms of 
like and unlike frequency. 

Upon integration, the product terms of like frequency become 


h ^Ip Idup 
2 


cos (yp - fip) 


The product terms of unlike frequency become zero, showing 
that harmonics of different frequencies do not react to produce 
torque. Hence, the average torque due to the reaction of idu 
and <l>i is 


^ lo^llldul iO \ I duS iO \ I 

Ti =- 2 — cos (7i -- Pi) H- 2 — cos (78 — Pz) + • • • 


= Ki cos (71 - Pi) + 


Similarly, it can be shown that the average torque produced by 
the reaction of ui and <^>u is 

T 2 = cos (ai — Xi) + (^8 “• Xs) + • • • (6) 

The total torque tending to produce rotation is the sum of 
these average torques. 


T ^Ti + T2 

= Ki cos (71 - Pi) + Kz cos (73 — Pz) + • • • 

+ K[ cos (ai — Xi) + ffg cos (as "" X 3 ) + • • • (7) 


This expression for the torque acting on the relay disk shows that 
the torque produced by the reaction of the fundamentals or 
corresponding harmonics of flux and disk current is directly 
proportional to the cosine of the angle of phase difference between 
the fundamentals or harmonics considered. Therefore an 
increase in the phase angle between corresponding components 
of flux and current reduces the active torque. The torque thus 
depends upon the magnitude and phase relations of the funda¬ 
mental and harmonics of effective pole flux reacting with corre¬ 
sponding components of current induced in the relay disk. 

Torque-producing flux and current relations in a relay such as 
the one shown in Fig. 6 can be determined qualitatively by 
placing an exploring coil on one of the upper poles and substitut¬ 
ing a coil having only a few turns for t^ie disk. Current is then 
circulated through the main coil and oscillograph records taken 
of the voltage induced in the exploring coil on the upper pole and 
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the current flowing in the coil between the upper and lower poles. 
Knowing the magnitude and wave form of the voltage of the 
exploring coil, it is possible to obtain the wave form of the flux 

from the relation e = 

upper pole flux and the disk current 
are thus obtained and analyzed to 
find the magnitude and phase rela¬ 
tions of the fundamental and har¬ 
monics. The torque produced is 
proportional to the summation of 
the instantaneous products of the 
fundamental and harmonics in the 
upper pole flux and the funda- 

Fxq. s.—lnternai connections of mental and harmonics of Current in- 
mverse-time characteristic relay. i i. , t i .1 

duced in the disk by the lower coil. 

In Fig. 6a is shown an oscillogram of the relations with a 

nearly sine-wave current in the main coil and in Fig. 66 with a 

prominent third and fifth harmonic in the main-coil current. 

The result of an analysis of these oscillograms is shown in Fig. 7. 

The torque curves are shown only for the reaction of the funda- 




Fig. 6.—Oscillograms showing relations of current and voltage in an induction- 
type overcurrent relay with different main coil current wave shapes. Ib current 
in main coil, ten times normal; It current in upper coil; Id current in coil sub¬ 
stituted for disc; Et voltage induced in exploring coil placed on upper pole. 


mental of upper pole flux and current induced in the relay disk 
by the flux from the lower pole. The cross-hatched area is the 
reverse torque, which is much larger with the distorted wave. 
An analysis of the third-harmonic relations of flux and current 
showed considerable torque with the good wave form and practic¬ 
ally oscillatory torque with the (|istorted wave. These results 
are presented for a qualitative explanation of the torque reduc¬ 
tion rather than accurate quantitative results. 
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The reduction of torque is produced by a shifting of the funda¬ 
mental and harmonics of current in the disk with respect to 
the corresponding components of the flux. 



Fig. 7. —Resultant torque due to fundamental current and flux. Curve 1 
with wave form of Fig. 6a; curve 2 with wave form of Fig. 66. The shaded 
area represents reverse torque. 

WAVE FORM IN RELAY TEST CIRCUITS 

It is the general practice of most operating companies to test 
all relays periodically. These tests may be divided into two 
general classes usually termed secondary and primary tests. 
The secondary tests consist of a general inspection of relays 
and associated circuits and a time-current calibration of the 
relays. The primary test consists of circulating current at low 
voltage through the primary of the relay current transformer, 
thus including current transformer, secondary connections, and 
relay in an overall test. The primary-type test is less commonly 
used because more testing equipment is required, and con¬ 
siderable time and labor are involved. Furthermore, it is 
difficult to handle the current adjustments in calibrating the 
relays. Generally, some form of high-current testing trans¬ 
former is used to supply the large current necessary for primary 
test. It is the practice of some companies to make primary 
tests only when new equipment is installed or when trouble 
develops. The simple secondary test is more commonly used 
for routine tests and calibration of relays. 

SECONDARY-TEST CIRCUITS 

In order to secure a good wave for^ in any relay test circuit, 
it is necessary that the constants of the circuit be such as to offer 
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high impedance to the flow of harmonics and thus tend to con¬ 
strain the current to a sine form. To provide good wave form, 
it is necessary that the ratio of the circuit impedance to relay 
impedance be high and that the constants of the circuit not be 
functions of the current. 

The inductance of the relay, like aU iron magnetic circuits, 
is a function of the current; consequently no simple relations 
exist between current and flux. The impedance to the flow of 
harmonic currents over the normal operating zone of the relay 
is not directly proportional to the order of the harmonic, due to 
saturation in the magnetic circuit. If the voltage at the relay 
terminals is of sine form, the current will be distorted. Con¬ 
versely, if the current through the relay is constrained to sine 
form, the voltage across the relay will be distorted. The applica- 



Fio. 8.—Simple test circuit for calibrating relays using variable resistance. 

tion of a distorted voltage results in a magnified distortion in the 
current and consequent reduction in torque. In order to produce 
maximum torque in the relay it is necessary to constrain the 
current within practical limits to a sine form. It is obvious 
that this does not merely necessitate the use of a sine-wave 
voltage source for relay test. 

Constant-voltage Variable-resistance Circuits.—One of the 
simplest and most effective types of test circuit is shown in 
Fig. 8. The test current is adjusted by means of the variable 
resistance. In Fig. 9 is shown an oscillogram of the wave form 
of the test circuit. The main-coil current Ir is slightly distorted, 
due to the fact that in order to obtain 50 amp. the circuit resist¬ 
ance is reduced to such an extent that the ratio of circuit imped¬ 
ance to relay impedance is low. The wave form could be 
improved by using a higher voltage source, thus requiring a 
greater external resistance to obtain the same current. The 
wave form can be improved without using a higher voltage by 
inserting an air-core inductance coil in series with resistor and 
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relay. The reactance of such a coil to the flow of any harmonic 
is proportional to the order of the harmonic. 

Variable-voltage Test Circuits.—Many test circuits are in 
use of fundamentally the same type as shown in Fig. 10. The 
relay current is adjusted by changing the voltage applied to the 



Fig. 9. —Oscillograms showing the effect of resistance and inductance on 
wave form in test-circuit of Fig. 8, using definite-time-overcurrent relay (5 amp. 
tap.), current ten times normal. 



220 VJ. 


reguloivr 

Fig. 10.—Relay-test circuits using variable voltage. 

relay terminals by means of a tapped autotransformer and 
voltage regulator. This general type of test circuit is frequently 
used, because more compact and lighter equipment can be used 
than with other types of circuits. The circuit is exceptionally 
easy to operate but has the disadvantage of distorting the 
test-current wave. 

In Fig. 11a is shown an oscillogram for the test circuit of 
Fig. 10a. The cause of the distortioii in the current wave is 
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the autotransfonner. The relay requires certain harmonics 
in the magnetizing current. Any harmonics appearing in the 




Fig. 11.—Effect of resistance and reactance on wave form in test circuit 
Fig. 10 using definite-time overcurrent relay. Main-coil current Ir is ten times 
normal, a, Circuit of Fig. 10a, E » 0, » 50, 5 amp. tap.; circuit of Fig. 

lOe, R - .226, L » .00592 henry, Ir » 50. 



Fig. 12.—Curves showing effect of resistance on closing time of definite-time 

overcurrent relay. 

autotransformer voltage will amplify the distortion in the relay 
current. This, in turn, alters thb flux relations in the auto- 
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transformer, still further increasing the distortion. The 
distortion is present irrespective of the wave form of the source 
voltage. 

The addition of impedance in series with the relay stabilizes 
the circuit and smooths out the wave form of the current. A 
resistance of 8.44 ohms completely corrects distortion, but the 
voltage required is too high for safety to the testers. 

The same results can be obtained by using an inductance 
coil in series with the relay (Fig. 10c). The wave form of 
Fig. 115 is as good as that obtained with 8.44 ohms resistance. 

Time-current characteristics of a definite-time induction-type 
overcurrent relay using the test circuit of lig. 10 is shown in 
Fig. 12. As the circuit resistance is increased, the wave form 
improves and the relay operates in a shorter time. The curve 
for the highest value of resistance approaches closely the operat¬ 
ing time which would be expected under actual fault conditions 
for equivalent current values in a high-reactance system. This 
is, of course, assuming a sine wave of fault current and no 
secondary wave distortion due to current-transformer char¬ 
acteristics. A very slight change in wave form causes an appre¬ 
ciable change in operating time. All induction-type relays are 
similarly effected by distorted wave forms. 

PRIMARY-TEST CIRCUITS 


Primary-test circuits are susceptible to wave distortion in 
the same manner as secondary-test circuits. In Fig. 13 is shown 



Fig. 13.—Test circuit used in applying primary test to current transformer and 
» relay. 


a type of primary-test circuit frequently used in high-current 
testing. The autotransformer taps are used for adjusting the 
current. The high-current testing transformer used in the test 
discussed here is rated at 2000 amp. and 8.5 volts on the low- 
voltage side. In Fig. 14 is shown an oscillogram for this test 
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circuit. The distortion of this current wave is produced by the' 
autotransformer. This can be corrected by connecting an air* 
core inductance coil between the autotransformer and the high- 
current testing transformer. The same result is obtained 
by eUminating the autotransformer and inductance coil from 
the test circuit and simply using a variable resistance for adjusting 
the current. 

It is necessary to use great care in the selection of equipment 
for use in primary-test circxiits. Any one piece of apparatus 
in the circuit may cause excessive distortion. The high-current 
testing transformer should be liberally designed, giving particular 
attention to the saturation characteristics. 



Fio. 14.—Primary test on 20:1 ratio-wound-type current transformers with two 
relays (50 volt-amp.) burden. Test circuit of Fig. 13. Relay current 30 amp. 

In any relay test circuit it is not desirable to use a loading, 
impedance having resistance or inductance that is a function 
of the current, such as lamp banks and iron-core reactors. The 
electrical proportions of the test circuit should be such that 
the time constant L/iJ is not excessive, or the current wave 
may be offset suflBiciently, when the circuit is energized, to cause 
error in the operation of the relay due to the magnetization in 
the iron circuit produced by the direct-current component. This 
is particularly true of circuits for testing high-speed relays. 

: It is recommended that, if any unusual test circuits are 
to be used, a thorough investigation be made of'the wave-form 
characteristics. Such an investigation can be made with an 
oscillograph or by simply comparing the calibration curves for 
relays on the particular circuit with those obtained from a test 
circuit of known good wave form,, kich as a high-voltage, high- 
impedance circuit without interiiosing transformers. If the 
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error is of sufficient magnitude to justify correction, it may be 
possible to eliminate the distortion with small air-core inductance 
coils or resistance. Autotransformers, phantom loads, etc., 
used as testing devices, should be carefully examined. 

WAVE FORM IN CURRENT-TRANSFORMER SECONDARIES 

The incorrect application of current transformers for use with 
protective relays frequently results in the production of highly 
distorted secondary-current wave forms even with sine-form 
primary current. Usually this is due either to using current 
transformers of low ratio, which saturate dr.ring heavy faults, or 
to the overburdening of the secondaries. With a certain 
primary current and secondary burden, a voltage must be induced 
in the secondary which will produce a current of such magnitude 
that the secondary ampere turns will balance the primary ampere 
turns due to the load component of the primary current. The 
flux will adjust itself to maintain this voltage and current. If 
the burden or primary current is increased beyond the limits for 
which the current transformer is designed, the ratio a:*d phase 
angle will change and the secondary-current wave form will be 
distorted. 

The characteristics of current transformers with their burden 
consisting of relays, instruments, etc., under fault conditions 
bear stressing because generally there is more distortion produced 
in the secondary-current wave due to saturation than is produced 
in the primary-current wave due to the characteristics of the 
machines and associated circuits. This is particularly true of 
the bushing-type current transformers commonly used in high- 
voltage systems for the operation of relays. Bushing-type 
current transformers inherently have poor characteristics for 
low ratios. The ideal current transformer for use with relays 
is one which will reproduce exactly the magnitude and wave form 
of the primary current. In most cases a little care in the applica¬ 
tion of current transformers will assure a practical approach to 
this ideal. 

It has been found that very appreciable errors may exist in 
current transformers during transient and steady-state condi¬ 
tions. The maximum error during transient conditions is pro¬ 
duced by oversaturation of the transformer core, due to the 
presence of the direct-current component in the primary fault 
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current. The presence of the asymmetrical current is uncertain 
since it depends upon the cyclic time of occurrence of the fault, 
but on a three-phase system there will invariably be a direct- 
current component in one or more of the phases. The saturation 
under such conditions is further increased, if the secondary burden 
is excessive. The error also depends upon the residual mag¬ 
netism in the transformer core and its polarity with respect to 
the direct-current component. Residual magnetism would not 
normally be present for the initial short circuit on a system 
because of demagnetization of the load current, but it could be 
present after the initial fault if the circuit is interrupted before 
the direct-current transient disappears, and be effective when 
the circuit breaker is reclosed against the fault. Residual flux 
would also be present if the circuit is interrupted at any instant 
when the flux wave is other than zero. 

The errors in the current transformers under short-circuit 
conditions generally appear in the following ways: 

1. Ratio errors decrease the crest value of secondary current. 

2. Distortion of secondary-current wave. 

8. Shift in phase relations of secondary current with respect to primary. 

In some cases the effect of oversaturation may be so great 
as to cause an error of 60 per cent or more in the value of the 
secondary current for the first few cycles. The operation of high¬ 
speed relays under such conditions would be very unsatisfactory. 

Current transformers operating with a certain burden may 
be entirely satisfactory for steady-state conditions and very 
unsatisfactory with asymmetrical transient currents. 

Steady-state Characteristics.—^The principal requirement 
for accuracy under symmetrical short-circuit conditions is 
that the secondary burden be sufficiently low for the current 
transformer to operate on the straight part of the saturation 
curve. The permissible burden can readily be determined. 
The first step is to determine the saturation curve by applying 
voltage to the secondary with the primary circuit open and 
make current and voltage measurements to find the full 
range of the curve. The resistance of the secondary should 
be measured and this value combined with the impedance 
of the burden which is to be used In the circuit. Knowing the 
maximum value of symmetrical ^short-circuit current referred 
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to the secondary circuit, the secondary voltage necessary to 
force this current through the burden circuit is easily calculated. 
If this voltage is below the knee of the saturation curve, the cur¬ 
rent transformer will be satisfactory for symmetrical conditions. 

The effect of burden under steady-state conditions is illustrated 
in Fig. 16a and 6, in which measurements were made with a 
constant primary wave in a 

100:5 ratio bushing current lp«80 / 

transformer. Figure 15a // ^ / 

shows the results with no bur- . ^ \ fl 

den other than the oscillograph \//^ \ /J 

shunt and Fig. 156 with con- Y/ ^ y/ 

stant burden of 0.426 ohm /K /K /K 

resistance and 2.23 ohms react- ' yis / Vv // \ 
ance. For the latter case the \ / \ / \ 

secondary wave is distorted, \ 

the phase angle between pri- (o) 

mary and secondary changes, 
and the magnitude is reduced 
to 62 per cent of the value with 
no burden. 

The ^burden imposed upon 
current transformers during 
line-to-ground faults, when 
ground relays are used, is 
greater than for line-to-line 
faults. Phase-angle errors of 
large magnitude may occur in 

, V . i j. • Fiq. 16.—Oscillograms showing effect 

bushing-type current trans- Qf burden on secondary wave, o, Bur- 



formers with excessive satura- den O.l ohm on 20 : l bushing current 
.. , . . 1 , I-.- transformer; 6, burden R => 0.426 and 

tion dunng fault conditions, j. 2 . 23 . 

In Fig. 16 are shown the phase- 

angle characteristics of a 100:6 ratio bushing-type current trans¬ 
former as effected by burden and various values of current. 
The conditions shown in this figure are somewhat extreme 
but serve to illustrate the necessity for a thorough understanding 
of the characteristics under all conditions when used for the opera¬ 
tion of relays. Such abnormal errors do not generaUy appear 
with higher ratios. 


614 RELAY SYSTEMS—THEORY AND APPLICATION 


Transient Characteristics with Asynunetrical Current Wave.— 
The accuracy of current transformers in correctly reproducing 
in their secondary circuits any wave form of current appearing 
in the primaries depends upon the flux in the magnetic circuit.* 
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Fio. 16.—^Twenty-to-one ratio bushing current-transformer characteristics, 
a, Ratio 12 volt-amp. burden; 6, ratio 45 volt-amp. burden; c, phase-angle error 
46 volt-amp. burden. 


The maxiinum flux depends upon the current magnitude, tran¬ 
sient duration, secondary burden, and the design of the trans¬ 
former. The permeability of the current-transformer iron 
is a complex function of the current and flux during conditions 

which approach or produce 
saturation. This problem in¬ 
volves the consideration, not 
only of the fundamental and 
harmonics of current, but also 
Fio. 17. —Equivalent circuit for current direct-CUrrent components that 
transformers. ^ fa,vlt current. 

It is of interest to consider the case of an asymmetrical non- 
sinusoidal primary-current wave and derive a general expression 
for the secondary current. The assumption is made that the 
magnetization curve is a straight line, and hysteresis and eddy 
current effects are neglected. Assuming the wave of primary 

^ Mabbhall, D. E., and P. O. Lanogutb^ Current Transformer Excitation 
Under Transient Conditions, Trans. vol. 48, 1029, p. 1464. 




















WAVE^FORM PHENOMENA 


515 


current is known, the primary inductance of the current trans¬ 
former can be neglected and the simple equivalent circuit of Fig. 
17 obtained. 

Symbols: 

Li - magnetizing shunt inductance. 

1/2 = is + I/L = secondary and burden inductance. 

R% ^ Ra Rl ^ secondary and burden resistance. 

T ^ L/R = time constant of total primary circuit 

i = primary current, instantaneous value. 

ii = magnetizing current, instantaneous value. 

U = secondary current, instantaneous value. 

I = maximum value of current (subscripts denote the order 
of the harmonic). 

To solve for the secondary current Uf from Fig. 17, the following 
equations may be written: 

= (8) 

ti = i — t2 (9) 


Substituting for ii in Eq. (8) and rearranging terms: 

cl%2 I R 2 • dz 

dt Li Z/2 ^ Li “I" L 2 dt 


( 10 ) 


The general solution of Eq. (10) is 

T --Brf r/ /7A -fill 

Assuming the primary current is of some form. 



sin {(at + ai) — sin ai€ ^ ] + 

Jsfsin {3(at + az) — sin as^ + 

*” r- 


/„[sin (3<o< + a») — sin a^e ^ 


( 12 ) 


where /» = maximum value of nth harmonic for steady state and 
an » phase angle which fixes the value of instantaneous volts 
when f ■“ 0. 

Differentiating Eq. (12) with respect to t, substituting the 
result in Eq. (11) and evaluating the integral: 
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Ku Ii cos {cd + ai — Oi) , KIi sin aiTi -J 




T -Ti 


I cos (3(0^ H" ots — ^s) I KIz sin olzTi i 

-p . . ' Jl _ ^ 




+ 9«* 


+ C6*’! (13) 


where 6^ =* tan"^ nwT. 


K = 


Li + L2 

Rz 

Li 


L\ + Lz 


C can be determined by choosing t = 0, when iz = 0. 

The complete equation for iz consists of a group of cosine 
terms and a group of exponential terms and may be written 



where n = 1, 3, 5, • • • , corresponding to the harmonics 
present. 

This equation shows that each harmonic component consists 
of three parts during the transient period, the ordinary steady- 
state sine wave, the unsymmetrical transient term, and a third 
term, the function of which is to make the secondary current 
zero at zero time. 

For steady-state condition the last two terms become zero 
and the equation for iz reduces to 

*a = K'In sin ^nw< + a. - (16) 


K' 


nKd) 

+ («»)* 


where 
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Substituting for K and Ti in the expression for K', 

__ nuLi _ 

Vai + (.Li + L*)*(n«)* 

In general Rl is negligible compared to (Li + Ls)*(n«)*, so an 
approximation may be written 

K' = no)Li _ Li _ « 

(L\ + L^ruji L\ + L2 

Thus X' is practically independent of the order of the har¬ 
monic, and the fundamental and harmonics of the secondary 
current bear a constant ratio K to those in the primary current. 

Since tan 6n = no)T is usually large, On is nearly 90° and 
therefore cancels out with the t/2 of Eq. (15). 

Hence, on the basis of the original assumptions and for steady- 
state conditions, the secondary current, for a non-sinusoidal 
primary current, is given by the approximate equation. 

12 = ( 1 ^) 

This equation shows that for steady-state conditions the 
secondary current will have the same wave form as the primary 
current, for all practical considerations. 

The following test data and oscillograph records are given to 
demonstrate some very common wave phenomena appearing in 
relay circuits during actual fault conditions due to transient 
characteristics of current transformers. It is not generally 
appreciated that such phenomena are of frequent occurrence in 
properly designed protective systems but this has been found 
true by scores of staged short circuits at full voltage on an 
actual typical system by the authors. 

In Fig. 18a are shown 20:1 ratio and 100:1 ratio wound-type 
current transformers balanced for the differential protection of a 
12,000/2300-volt, three-phase, 2500-kva. transformer. Figure 
186 is the record for a three-phase through short circuit on the 
low-voltage side of the transformer in which the current waves 
are very nearly symmetrical. The difference current is of sine 
form and is also symmetrical. Figure 18c is the record for a 
test, identical in every detail, except that the current waves 
contain an asymmetrical component of large magnitude. The 
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maximum difference current is 3.5 times greater than in the 
preceding case, and the angular relation between this current 
and the sum currents has changed by approximately 90°. It will 
be noted that the distorted difference current gradually decreases 




wave Ih * 26.2, II » 26.1, Id ■■ .867; c, asymmetrical wave Ih “ 23.9, 
II 24.6, Id « 3.07 max. 


and, as the circuit becomes demagnetized, gradually assiunes the 
same shape and magnitude as in Fig. 185. 

In Fig. 195 are shown the results of a single-line-to-ground 
short circuit on a 25,000-kva., 12,000-volt, three-phase generator. 
The current transformers are 300:1 ratio through type. A large 
direct-current component is present in the fault current, but the 
reproduction is quite good, the unbalance being 3 per cent. 
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In Fig. 20 is shown a case of simultaneous saturation with a 
three-phase fault on a three-phase, 66,000/2300-volt, 5000 kva. 

BSj000kva. JBkv. 




Fig. 20.—Oscillograph record for a three-phase through fault on a 6000-kva. 
66,000/2300-volt transformer showing case of simultaneous saturation. 


transformer. The current transformers are 40:1 ratio bushing 
type and 600:1 ratio wound type. It ViH be observed that all 
transients are of the inverse type. 
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A fairly true reproduction of the primary current and the 
actual secondary current appearing in the transmission-line 
relay circuit is shown in Fig. 21. The current transformers are 
80:1 ratio bushing type, supplying a burden of 50 volt-amp. 
The primary-current wave is almost completely oifset, and an 
extreme case of saturation results in the relay current trans¬ 
former. The secondary-current wave is practically suppressed 
for 1 cycle, then gradually builds up to a maximum in 13 cycles as 
the direct-current magnetization disappears. The symmetrical 
secondary current then decays along with the primary current. 
This inverse transient and the distortion are due entirely to the 
saturation produced by direct current as can be seen by 



Fio. 21.—Oscillograph record showing inverse decrement resulting from 
saturation due to direct-current component for single line-to-ground short 
circuit on 33-ky. transmission line. Ip primary current, Is secondary current. 
Eighty-to-one ratio bushing current transformers, 50 volt-amp. burden at 5 amp. 

comparison with the true wave. The actual measured minimum 
relay current expressed as a percentage of the actual current 
is 20 per cent. A high-speed overcurrent ground relay, normally 
operating in 2 cycles, did not operate for 10 cycles on this test, 
due to the low initial secondary current. The characteristics of 
the current transformer are entirely satisfactory after the effects 
of the direct-current component disappear. 

It is evident from a consideration of these typical illustrations 
that balanced- and distance-type relays may operate incorrectly 
or fail to operate, due to the initial transient characteristics of 
the current transformers. The steady-state performance is not 
necessarily a criterion of the accuracy during transient conditions. 

An approximate method^ of determining the ability of a current 
transformer to reproduce transients has been developed. The 
first step is to determine an average impedance Zi by dividing 
^ Marshall, D. E., and P. O. LANoatiTH, op. ctf., p. 1464. 
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values of voltage by the corresponding current up to the knee of 
the saturation curve for the current transformer. The method 
of determining the saturation curve has previously been given. 
The time constant Ti is then calculated from the equation 
Ti = Zif2firfRt. The time constant of the total primary circuit 
is calculated. The ratio of maximum transient exciting current 
to maximum secondary steady-state current can be calculated 

-Ti 
Ti-T 

where I is maximum value 

of steady-state primary current. The r.m.a. value of steady- 
state secondary current which the transformer can carry without 
excessive saturation under the given transient conditions is 
found by dividing the r.m.s. exciting current just below the 
knee of the saturation curve by this ratio. The ratio between 
the maximum transient and steady-state exciting current is equal 

Ti 

( f\Ti-T 

7 ^/ * 

EFFECT OF DIRECT-CURRENT COMPONENT ON RELAY 
OPERATION 

The direct-current component appearing in the secondary of 
current transformers tends to reduce the speed of operation 
of induction-type relays. The presence of the direct-current 
component may cause saturation in the magnetic circuit mth 
consequent wave-form distortion and torque reduction. The 
most pronounced effect, however, is due to the direct-current 
flux retarding the disk rotation due to eddy currents, induced in 
the disk in exactly the same manner as the action of the drag 
magnet. 

The effect of the direct-current component on the operation of 
balanced-beam-tjrpe relays such as high-speed distance and 
differential relays depends upon the particular arrangement of 
windings. In general, with a simple balanced beam type, the 
pull of the current element will be increased due to the direct- 
current component. With a distance-type relay, this would 
tend to move the balance point farther away from the relay. 


from the equation h 





CHAPTER XV 


RELAT TESTING AND MAINTENANCE 

The successful operation of a protective relay system depends 
upon a correct application of relays and proper testing and 
maintenance after installation. Relays should be tested and 
adjusted upon installation and at intervals thereafter. In 
general, simple overcurrent relas^s should be tested every 6 
months and the delicate and more sensitive relays more fre¬ 
quently. It is advisable in most cases to maintain two inspection 
schedules, one, a complete calibration and general inspection, 
the other, an intermediate inspection without test or calibration. 
The intermediate inspection should consist of a visual examina¬ 
tion of the relays and associated equipment and the tripping 
of the oil circuit breaker with each relay where possible. 

On large systems, a highly skilled group of relay testers is 
required, if the full benefit of relay protection is to be obtained. 
The testers should be selected on the basis of their knowledge of 
electricity, mechanical ability, care, personal responsibility, and 
familiarity with relay and control circuits. In general, it is best 
to have one engineer to supervise all relay work, make short- 
circuit calculations, and determine relay settings. The engineer 
should also check all relay-test record sheets to see that the 
specified settings are put into effect and also that the relays are 
properly adjusted. 

Investigation of New Rela]r8.—When making applications of 
new types of relays, the rela 3 rs should be subjected to a thorough 
investigation. Work of this nature can best be done in a labora¬ 
tory. Complete characteristic curves for the relays should be 
obtained from test to determine the suitability of the relays to the 
particular system. The ihechanical details should be examined 
carefully and the effects of adjustments noted. Time variation 
due to temperature effects should be’investigated. If the relays 
are of the directional type, the d^ctional element should be 
tested to determine the angles within which the contacts open 

62? 
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and close. The sensitivity of the directional element should be 
determined and the operating, time with various voltages, 
currents, and phase angles. 

Initial Tests.—When relays are first installed, it is necessary 
to trace and check all instrument and control wiring. The 
tracing of wiring is simplified where a definite wire-color scheme 
is carried out during the installation. Two telephone test sets 
and a dry-cell battery can be used effectively in tracing wiring. 
Two men are each supplied with a transmitter and headset con¬ 
nected in series, and one of them is furnished with dry-cell 
batteries. By connecting the battery and test set between 
ground and one end of the wire to be traced and the other test 
set between the wire to be traced and ground, the two men are 
able to trace the wire and at the same time carry on the necessary 
conversation. Insulation tests should be made on all equipment 
and wiring. 

After all circuits have been checked, the relays should be 
tested and calibrated in accordance with the specified settings. 
If the relays are of directional type, it is necessary to determine 
the proper connections and phase relations for the directional 
elements. On new installations it is advisable to make a final 
primary test to check the overall operation. The circuit breaker 
should be tripped by each relay. 

Testing Induction-type Relays.—During the periodic inspec¬ 
tion and test, each relay should be tested for pick-up current and 
time calibration. The relay adjustments should be checked for 
several points on the calibration curve. The tests should be 
made at both high and low values of current. This is particu¬ 
larly important where relays having an inverse time characteristic 
are used. If the same procedure is carried out for all relays, it is 
obvious that all will have approximately the same characteristics. 
This is necessary where successive relays must operate selec¬ 
tively. It is good practice on relay installations to test the relays 
for the range of currents that may occur during fault donditions. 
A simple test set-up for calibrating relays is shown in Fig. 1. 

For the relays used to protect important transmission circuits, 
it is desirable to check the time of operation for the calculated 
value of current with a fault adjacent to the circuit breaker and 
one at the extreme end of the section of the line protected and 
also for a fault at the end of the next section. As an example, in 
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Rg. 2, assume that all rela 3 rs are of the directional type, and 
further that fault currents can flow from both ends of the circuit. 
Relay g is tested for a fault at h and g. Relay e is tested for a 
fault at A, jf, and e. The difference in time between relays g and e 
for a fault at h and between these same relays for a fault at g will 
show whether the relays are properly timed to secure selectivity. 
Generally, this difference in time between the two relays should 
not be less* than 0.4 sec. If this procedure is carried out for each 
relay, there will be no possibility of incorrect operation unless 
due to mechanical failure. It is sometimes desirable to prepare a 
time curve for each relay after complete tests have been made. 



la bic dje fig hi 

jo -Djo-Q|a-Djo-Dj—<<- 

Fio. 2.—Typical sectionalized transmission line. 


In some cases it is advisable to give the relays and oil circuit 
breaker an overall time test. This is particularly necessary 
where breakers, having different opening speeds, are tripped by 
relays which must act selectively. If all circuit breakers are of 
the same type and are properly maintained, this test is not essen¬ 
tial. It must be remembered, however, that inselectivity may 
occur, if the circuit-breaker time varies. 

In order that aU relay testers follow the same procedure in 
testing relays, it is necessary to have standard test specifications 
to cover the types of relays encountered on a particular system. 
As a typical example, test specifications for testing overcurrent 
relays are given. Tests 1, 2, and 3, as applied to, say, relay e of 
Fig. 2, might be the application of the calculated values of short- 
circuit current for faults at jr, 6, and A, respectively. 

SBcnoN 1. As Found Tests for Overcurrent Relays: These tests are to 
be made without removing cover from relay. 
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A. Detennine current necessary to just close relay contacts. 

B. Adjust current for value calculated for test 1. Allow relay to return 
to its normal position. Wait 2 min. and then test using this value of 
current. Make three tests on the relay, checking current during each 
test and allowing 2 min. between tests. 

C. Adjust current for value calculated for test 2. Follow procedure as in 
B. 

B. Adjust current for value calculated for test 3. Follow procedure as 
in B. 

General: 

Each relay is to be tested with at least three values of current in addition 
to pick-up. 

All relays are to be adjusted and timed using secopdary tests. Primary 
tests are to be used for checking current-transformer ratios, secondary wir¬ 
ing, and obtaining overall time of relays and circuit breakers. 

Sec. 2. Inspection of Relay: Remove cover and make visual inspection 
of relay. 

A. Check contacts for corrosion. 

B. Check magnets for cleanliness. 

C. Check for broken terminals. 

B. Check coils to ground. 

B. Check contactor switch for corrosion, freedom of action, and operation. 

F, Check for loose connections. 

Q. Check screws in relay. 

Sec. 3. As Left Test for Relays: Repeat tests as specified under A, B, C, 
and B of Section 1. 

Space will not permit a detailed description of the adjustments and test 
specifications applicable to all types of relays. The manufacturers' instruc¬ 
tion books and the N.E.L.A. Relay Handbook and Supplement" cover 
this thoroughly. 

Directional Test—There are several methods in more or less 
general use for determining the connections for proper directional 
operation. The most satisfactory method makes use of the 
phase-angle meter. 

It is necessary to have a complete knowledge of the vector 
relations of the currents and voltages involved when making 
directional tests. ^ The portable phase indicator is so constructed 
that its readings show the angle by which the current through 
the current coil lags the voltage across the potential coil when 
the correct polarities are used at the terminals of the instrument. 
The correct method of connecting this instrument to read the 
angle of lag between current Ix and voltage is shown in 
Fig. 3. It measures the angle of lag of h with respect to voltage 

^ Refer to Chap. VIII for these vector relations. 
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Eu^. The polarity must be as indicated in Fig. 3. At 100 per 
cent power factor this angle is zero. The delta system of vectors 



Fig. 3.—Phase-indicator connections for testing relay circuits. 



is shown in Fig. 4 and the open system in Fig. 5. Counter¬ 
clockwise rotation is used, which gives the phase rotation JS 1 - 2 , 

E%^Z) and Ez—i* 

The first step in making 
directional connections is to 
determine the phase rotation 
and to confirm the polarity 
marking on the potential and 
current wires. There are sev¬ 
eral methods which can be used 
to check phase rotation, such 
as lamps and a reactance coil, 
lamps and a condenser, or a 
small induction motor. The 
lamp-and-reactance scheme is illustrated in Fig. 6. When 
connections are made as shown in l^g. 6, one of the lamps will 



.Transformers if 
required 


’Indue fi\^e food such 
as a solenoid or a 
voltage relay coH 


""Lamps 

Fig. 6.—Connections for checking phase 
rotation. 
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be brighter than the other. If lamp A is brighter than lamp B, 
phase rotation is counterclockwise, i.e., 1-2-3. Conversely, 
if lamp B is brighter than lamp A, the phase rotation is clockwise, 
3-2-1, 

In addition to these methods, it is possible to use the phase 
meter. 

The portable phase indicator operates on the principle that a 
suitable pivoted iron vane, when placed in a rotating field and 
magnetized by alternating current, will assume a position 
depending on the phase difference betw 'en the current mag¬ 
netizing the vane and the voltage producing the rotating field. 
The rotating field is produced by a split phase winding con¬ 
nected to the voltage circuit. In this field is a movable iron vane 
magnetized by a stationary coil which is part of the current 
circuit. The iron vane, to which the pointer is attached, is 
attracted or repelled by the rotating field, and the vane will 
take up a position so that, when the current wave reaches its 
maximum, the axis of the iron vane will coincide witn the axis 
of the rotating field at that particular instant. The vane will 
assume a definite position for any phase relation between current 
and voltage. The circular scale is divided into 360 electrical 
degrees. 

Consider the connections shown in Fig. 3. Current h lags 
voltage Ei-o by 0° at 100 per cent power factor, provided the 
instantaneous polarities are as shown in Fig. 3. If the current 
connections are reversed, this reading will be 180®. Voltage 
Ei-o should then be applied to the voltage terminal. It is 
exceedingly important to have the same relative polarity for 
E^.o as was formerly used for Euo. In other words, the connec¬ 
tion to the neutral lead should not be disturbed and the change 
be made merely by connecting the voltage leads to conductor 2 
in place of 1. As shown in Fig. 7, the lag of current h behind 
voltage F? 2 -o will be 240°. If voltage Fs-o is applied to the 
voltage terminals (in all the test, h coimecticns are left undis¬ 
turbed) the angle between Et-o and h should read 120®, A 
further check can be made by using phase-to-phase voltages in 
place of phase-to-neutral voltages. These angles are all indicated 
in Fig. 8. The use of phase-to-ph&e voltages gives a very 
definite check on the readings taken by using phase-to-neutral 
voltages. Of course, there will be in all cases a 30® difference 
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TkBJM I.— SUMMABY OP POWBR-PACTOR ANGLES IN FlOS. 7 TO 12 InCLUSIYB 



100 % 

30“ lagging 

30“ leading 

h lags J^i-o. 

Zero 

30“ 

330“ 

h lags Ei .2 . 

30“ 

60“ 

Zero 

h lags-&2.o. 

240“ 



/i lags E%.i . 

270“ 



I\ lags £^ 8-0 . 

120“ 



h lags Ei,i . 

150“ 


120“ 


The normal-system vector relation, using E 1 . 2 , -B 2 - 3 , and 
^ 8 - 1 , should always be determined first and set up in a vector 
diagram, as shown in Fig. 13. Assuming a 30® connection, 
since the current leads the voltage applied to the directional 
element by 30® (330® lag) at unity power factor,^ the reversed- 
voltage vectors should be added to the vector diagram as shown. 
Current /i is used with voltage £ 1 . 3 , current 1 2 is used with 
voltage JE 2 - 1 , and current h with voltage A bummary 

of the angles between these reversed voltages and their respective 
currents is given in Table II for unity power factor, 30® leading, 
and 30® lagging power factor. If the line-to-neutral voltages 
are not available, these voltages can easily be established by 
connecting a bank of incandescent lamps in Y across the second¬ 
aries of the potential transformers. 


Table II.— Summary op Power-factor Angles Corresponding to 

Fig. 13 



100 % 

30“ lagging 

30“ leading 

I\ lacs E\.% . 

330“ 



1% lags Ei-i . 

330“ 

300° 

/j lags Ei-i . 

330“ 

300“ 



If there is any doubt as to the current-transformer connections, 
it is desirable to check the polarity by some such method as 
shown in Fig. 14. The position of the polarity marks on the 
instrument potential transformers and also the potential coil 
connections should be as indicated. Adjust the loading rheostats 
to give 2 or 3 amp. through the rotating standard and phase- 
angle meter and observe the direction of rotation of the rotating 
^ See Chap. VIII for a complete explanation of the 30^ relay connection. 
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standard. If it rotates in a counterclockwise direction, and if 
the phase meter indicates an angle between 0® and 90® or between 
270® and 360®, the current is feeding in polarity on the primary 
of the standard instrument current transformers and out polarity 
on the secondary side. Referring to the diagram, it may be 
seen that the current is flowing through the oil circuit breakers 
from Aio B which is equivalent to current flowing from bus to 
line. The secondaries of the line-current transformer can then 
be substituted for the standard instrument transformer and the 
polarity determined from the direction of rotation of the rotating 
standard. 


Bus 



t-lns+romen+ current troinsf 
2"Testin0 tromsformcr 

5- Phase-angle meter 
%| ^ 14- 4-Rotating s+andoirol 

^ ^ 5"Instrument potential transf 

6- Oil circuit breaker 
7* Ammeter 

Fio. 14.—Test connections for overall relay and instrument transformer test. 


It is now necessary to find the angle between this current 
and the voltage applied to the directional element of the relay. 
As formerly explained, current Ii and potential Eut are used, 
line-to-neutral voltages are used in determining the direction 
of flow of current h. All that is now necessary is to move the 
potential wire which goes to no polarity mark of the phase-angle 
meter and rotating standard to potential wire 3. If the phase- 
angle meter shows an angle between 0° and 90° or 270° and 360°, 
the standard should continue to rotate in a counterclockwise 
direction and the directional-element contacts of the relay should 
close. If they do not, reverse the secondary wires on the current 
transformers in the oil circuit l»eaker, and test again. This 
test should be repeated for each phase. 
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The directional overcurrent residual relay using the inside- 
delta potential connections for the directional element is difficult 
to connect properly, A simple test may be performed as follows: 
With all test connections as previously described for the line 
relays (Fig. 14), disconnect potential transformer 1. Bring 
the lead that connects to potential wire 1 to the switchboard, 
and find which terminal it is connected to on the line relay that 
has just been tested (back view of the relay). Assume that 
it is connected to the left-hand terminal ground. Then place 
lead 1 of the auxiliary potential transformer on the left-hand 
potential terminal of the ground relay, bring the other wire in 
and place it on the other terminal, and read the phase-angle 
meter. If the directional contacts close, the angle should 
be within 10® of the angle obtained during the line-relay test. 
If the directional contacts do not close, reverse the potential 
leads coming from the auxiliary potential transformer, and test 
again. This test should be repeated for each phase. 

Some companies use tapped transformers to obtain variable 
voltages and currents at various phase angles for directional- 
element tests. Where two- or three-phase voltage is available, 
two tapped transformers can be connected to different phases 
of the supply and test voltage obtained from the end tap of one 
transformer and various taps of the other transformer. A small 
portable induction regulator can also be used to obtain the same 
result. The induction regulator has the advantage of finer 
adjustment of angle. 

When the transmission line is loaded and the direction of power 
flow is known, an alternate method of making directional tests 
is available. A single-phase 360® power-factor meter is con¬ 
nected in series with each relay, and the power factor of the load 
is measured. If the relay is properly connected, the power- 
factor meter will indicate a current leading the indicated 
load power factor by 30® when the relay voltage is applied 
to the meter. A phase-angle meter may also be used for this 
test. 

The methods described for determining the proper connections 
for 30® relations are applicable for any type of connections. 
In the 60® connections the relay current, leads the relay voltage 
by 60® at unity power factor; and in the 90® connections by 90® 
at unity power factor. 
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When testing polyphase directional relays, a separate test 
should be made on each element in the same manner as for the 
single^phase relays. A load test should also be made when 
the relay is put into service, to see that the directional contacts 
close with power flow away from the bus with one phase con¬ 
nected at a time. 

The calibration of the current element of directional relays 
is made in the same manner as non-directional relays. Some 
types of directional relays are equipped with two sets of tripping 
contacts in series. In the directional-control-type relay the 
overcurrent element does not operate unless the directional 
contacts are closed. When calibrating the overcurrent element 
of this tjpe of relay, the directional contacts should be blocked 
closed. The time of operation of the directional element is 
variable, depending upon the magnitude and phase relations of 
the current and voltage existing at the relay under test or fault 
conditions. The directional element should be tested, using 
low voltage applied to the potential coil. A test sometimes 
used is 1 per cent normal voltage with 60-amp. current. The 
directional elements should be tested for some deflnite conditions 
in order to insure uniform speed and sensitivity of operation. 

Power relays, used to operate on a predetermined value 
of power, are tested by applying current and voltage and adjust¬ 
ing the power to the value at which the relay should operate. 
The time curve is obtained by using different values of current 
and voltage. 

In making the initial tests on balance-relay schemes, such 
as cross-connected directional overcurrent, current-balance 
or balance-ground protective schemes, the test applied should be 
such as to simulate the limiting short-circuit conditions which 
may occur during operating. The complete circuit should be 
tested for both through-fault conditions and the worst condition 
for faults within the section protected by the particular group 
of relays. It is always advisable to make a complete study of 
the short-circuit currents which may occur and apply these values 
of current to the relays when testing. The relays should be 
calibrated in the usual manner. 

Residual-ground directional relays can be tested as shown in 
Fig. 15. It is not necessary to circulate a great deal of current 
to check the directional connections. If a high-current testing 
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transformer is not available, a wound-type current transformer 
between 100:5 and 600:5 will generally serve as a testing trans¬ 
former with a 110-volt source connected to the 5-amp. side. 
As in all directional relays with instantaneous currents in the 
same direction, the relay has opening torque. 



Fia. 15.—Tost connections for residual-ground directional relays. 

Differential Relays.—In modern relay practice, differential 
relays are generally applied for the protection of transformers 
and rotating apparatus; however, there are many installations 
where simple overcurrent relays are used for apparatus protection 
and bus-differential protection. In such cases, if the current 
transformers are not all of the same ratio, autobalance trans¬ 
formers are used for correcting the ratio difference. In testing 
differential schemes, a complete wiring trace is made. The 
proper connections and phase relations are then determined 
using a phase-angle meter. The voltage terminals of the 
phase-angle meter are connected to some arbitrary voltage 
source as a reference. The current terminals are connected, 
in turn, to corresponding phases of the secondaries of the current 
transformers and readings taken. If the relay is properly 
connected, corresponding phases should show a difference angle 
of 180® between the currents. If autobalance transformers 
are used, they should be adjusted to secure the minimum unbal¬ 
ance current through the relay. The balance test should be 
made with the maximum possible current passing through the 
equipment. The relay® should be set sufficiently high so that 
they will not operate on the maximum unbalance current that 
may occur on a through fault. 

The schematic diagram for the differential protection of a 
delta-Y transformer bank is given in Fig. 12, Chap. X. To 
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detennine the tap setting to be used requires calculations based 
on the kilovolt-ampere rating of the transformer bank, the 
current-transformer ratio, and the transformation ratio. It is 
usually impossible in the application of differential protection 
to select current transformers which wiU give a condition of 
complete balance in the differential circuit. There is usually 
some imbalance, and the differential relay must be given a tap 
setting to correct this unbalance. As an example, consider 
a 26,000-kva., 12,000-volt delta, 66,000-volt Y transformer, 
having 1500:5 current transformers Y-connected on the low 
side and 300:5 cuirent transformers delta-connected on the 
high side. 

, _ 25,000,000 

" V3 X 12,000 = 1200 amp. 

/»#**. = 1200 X = 218 amp. 

Secondary / 12 *,,. = X 5 = 4 amp. to relay 

Secondary / «6*.. = *^^00 X 5 X s/S = 6.28amp. to relay 

^ = 1.57 
4 

The pxQpei tap setting to correct this unbalance is readily 
determined from the characteristic curves for the particular 
relay, as supplied by the manufacturer. If the current trans¬ 
formers on the high-voltage side of the transformer are of multi¬ 
ratio type, a better balance can be obtained by using the 400:6 
ratio. The secondary current with 400:5 current transformer is 
4.73 instead of 6.28, The tap actually used will be selected by 
giving consideration to the breakdown characteristic of the 
current transformers for through faults. 

After the relays have been installed and the tap settings 
determined, it is necessary to check the differential for balance 
under load conditions. To make this check, the transformer 
should be loaded to full rating, either by an actual load or by 
short-circuiting one side of the transformer and applying low 
voltage to the other side. 

One phase of the relay installation (400:6 current-trans¬ 
former ratio) is shown in Fig. 16^ with current links so placed 
that the current flow in each of t|Le coils of the relay may be 
measured. The current in coil 2 is equal to the current in coil 3 
plus that in coil 1. This figure skows the current values to be 



BELAY TESTING AND MAINTENANCE 


536 


expected for a completely balanced differential. Figure 17 
shows the readings to be expected if the current transformers on 
one side of the differential are reversed; and Fig. 18 shows the 
readings to be expected if the two sets of current transformers are 
rotated with respect to each other. This condition might be 
corrected by reversing the polarity of the Y-connected trans¬ 
formers and then rotating 60°. It may also be corrected by 
rotating 120°. The readings for each phase are identical for this 
condition of incorrect connection. 



Fig. 16. 




In Fig. 19 are shown the readings to be expected if the two 
sets of current transformers are rotated in the opposite direction 
from that indicated in Fig. 10. The method of correction is the 
same in tliis case as before. Figure 20 shows the readings to 
be expected if the B phase connection is correct, but the A and 
B connections are interchanged. In this case the A and C phase 
readings are similar, but the readings for phase B are similar to 
those in Fig. 16. The obvious means of correcting this condition 
is to interchange leads A and C. 

In one type of differential relay, taps are available within the 
relay so that closer balance can be obtained than indicated in 
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these illustrations. In order to illustrate the current relations, 
this large unbalance is indicated. 

This discussion has been given for the transformer-type 
relay. The same relations must hold between the currents that 
pass through the relay when used for generator protection. 
In the case of generator differentials however the current trans¬ 
formers are usually identical. 

High-speed Relays.—^The technique in testing high-speed 
relays, such as distance and balanced-current types, differs 
somewhat from simpler types, principally due to the high 
sensitivity, speed, and greater complexity. The time of opera¬ 
tion is so short that it is impossible to follow the motion of the 
various parts of the relay or read the indicating test instruments. 
It is therefore necessary to use timing devices faster and more 
accurate than a cycle counter or to use an oscillograph. It is 
impossible to determine the accuracy of the component elements 
of a complex high-speed relay without using some accurate timing 
device capable of recording short intervals. 

The performance of most high-speed relays is a complex func¬ 
tion of current, voltage, and phase angle. It is advisable to 
test each element of the relay separately and finally to make an 
overall test of all elements operating as a unit. In general the 
tests for distance relays should include determination of amperes 
pick-up with variable voltage and constant phase angle, and 
curves of current against phase angle with constant voltage. 
In all cases it is essential that the electrical quantities applied 
to the relay be determined by system study and calculations for 
the limiting fault conditions. This should include all types of 
faults, both at the far and near end of the particular circuit, and 
also for conditions of back-up protection when the fault is on 
other sections. The relays should be tested and adjusted for 
these limiting conditions. The distance or ohm element must, 
of course, be tested for the proper balance point. Generally 
the distance element is set to protect 80 to 90 per cent of the 
line section. 

The same principles should be applied when testing high-speed 
balanced-current-type relays. The relays should be tested for 
the limiting fault conditions, particular attention being given 
to the effects of phase angle, line-capacity effects, and mutual 
coupling between circuits during faults. 
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Staged Short-circuit Tests.—Irrespective of the amount of 
care exercised in testing relays, the adequacy of the system is 
unknown until actual faults occur. If incorrect operations result, 
a careful and tedious trouble investigation must be made. 
Many competent engineers are of the opinion that it is sound 
practice to make staged short-circuit tests when new relay 
systems are put into operation. With careful planning, such 
tests can generally be made at very small cost and without 
causing service interruptions. The advantage of staged tests 
is that a complete overall check is obtained of current and 
potential devices, connections, polarity, directional-element 
operation, and timing. In addition, the current and voltage 
magnitudes and phase relations are determined as a check on 
calculations. The proper operation and adjustment of the oil 
circuit breakers are also indicated. Frequently unanticipated 
phenomena occur which can be detected and remedied as a 
result of such tests. It is essential that an oscillograph be used 
in order that the maximum benefit be derived. 

Testing Equipment.—In order that the cost of testing and 
inspection be kept to a reasonable minimum, the tests must be 
performed quickly and easily. One of the chief factors in the 
cost of relay testing is that of making connections to the relays 
as they are found in service. A proper layout of the switchboard 
at the time of installation does not materially increase the 
cost of the installation and will produce a great saving in test 
and maintenance costs. Free use of test links or test switches 
makes it possible to take the relays out of service quickly and 
with safety to system operation. 

Some typical switchboard-wiring schemes using test links for 
isolating the relays are shown in Figs. 21 and 22. Figure 21 
shows the connections for overcurrent relays. Four test links 
are used in the current-transformer leads. Test links are also 
used in the control leads. In order completely to isolate this 
set of relays from the system, it is only necessary to short-circuit 
the current terminals and remove the links from the current- 
transformer leads and from the control circuit. All connections 
for testing the relays can be made at the terminals on the board. 

In Fig. 22 is shown a very satisfaqtory arrangement of test 
links for use with differential relays. The scheme shown provides 
complete isolation of the relays and allows insertion of the 
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necessary ammeters at the time of testing the differential for 
balance. The buses and test links make it possible to measure 
the current from each circuit to the differential. In cases where 
only a few circuits feed into the differential, it is possible to 
eliminate the buses and carry the leads to the test terminals. 
Current measurements taken at links Hi, OA, and Li give 
8u£5icient data to determine the amount of unbalance and the 



Flo, 21. Fio. 22. 

Fiob. 21 and 22.—Typical switchboard relay connections using test links. 

cause for any unbalance that may exist in one phase of the 
differential. If care is taken to connect the current transformers 
with correct' polarities, much time can be saved in testing the 
differential for balance. 

In most cases the use of test switches is preferable to test 
links. The test switch consists of base and plug. The con¬ 
nections to the testing equipment are’ made to the plug. When 
a test is to be made, the plug is Inserted in the base. The 
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current-transformer secondaries are short-circuited, and the 
normal circuits of the instruments being tested are opened. 
Relays may be tested much more rapidly by means of test 
switches, as only one plug is necessary for testing all relays for a 
particular type. The layout can be made so that the relays on 
important circuits can be tested one phase at a time without 
removing protection on the two other phases. Typical connec¬ 
tion diagrams are shown in Figs. 23 and 24. 

Proper testing equipment in the form of instruments, portable 
test boards, test tables, leads, and connections will materially 
reduce the cost of testing. The instruments required depend 
upon the size and importance of the system and the standard of 
accuracy that is to be maintained. 

Timing Devices.—cycle counter or synchronous timer can 
be used for timing slow-speed relays but is unsatisfactory for 



Fig. 25.—Circuit connections for testing high-speed relays. 


high-speed types, aue to the fact that it is not accurate for short 
time intervals. A simple arrangement^ for measuring short 
time intervals is shown in Fig. 26 which consists essentially of 
charging a condenser in series with a resistance from a direct- 
current voltage source for the interval of time to be measured 
and reading the resultant charge on the condenser with a vacuum- 
tube voltmeter. The voltage built up across the condenser in 
time t is 

-r 

Vc = volts 

where C is capacity in microfarads, R is charging resistance in 
megohms, and E is the charging potential. Knowing the values 
of R, d, and E, a curve may be calculated showing the relation 
between volts across condenser and duration of charge. A 
curve showing the relation between grid voltage and plate 
> Nbbsb, J, H., Tuning High-Speed Relays, Ehe, World, Dec. 2,1933. 
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current for the vacuum tube may be obtained by calibration. 
The unknown voltage to be measured is connected between the 
negative side of the filament and the grid, as shown in Fig. 25. 
The plate current can be read and the corresponding value of 
grid voltage taken from the calibration curve. After finding 
this voltage, the interval of time can be determined from the 
condenser-charging curve. 

The device is operated by adjusting the voltage applied to 
the tube circuit to the proper value and then closing the toggle 
switch, which simultaneously starts operation of the relay and 
charging of the condenser. When the contacts of the relay 
under test close, the high-speed telephone-type stopping relay is 
energized. The operation of this relay stops the charging of 
the condenser and applies the condenser voltage between this 
grid and filament of the tube. The tube plate current will 
drop and come to rest momentarily at a point corresponding to 
the condenser voltage. The time interval corresponding to the 
minimum plate-current reading can be readily taken from 
the calibration and condenser-charging curves. The stopping 
relay time must be deducted from the total time interval to 
obtain the net relay time. 

The range of the timing device can be varied by changing 
the value of R. 

Direct reading stroboscopic timing devices have recently been 
developed by manufacturers. 
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Conversion of impedances in auto- 
transformers, 133 

Current balance, ground protection, 
483 

high-speed relays, 479 
relay system, 360 
Current transformers, 256 
steady-state characteristics, 512 
transient characteristics with 
asymmetrical current wave, 
514 

wave form in secondaries, 511 
(See also Instrument trans¬ 
formers) 

Currents, delta, 30 
direct-current component,. 173 
phase, 100 

relations in unsymmetrical cir¬ 
cuits, 32 
star, 29 

transient calculations, 163 
per unit representation, 146 
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D 

Damper windings, fault currents, for 
machines with, 170 
for machine without, 169 
Decrement factors, 167 
Delta-connected generator protec¬ 
tion, 323 

Delta-connected transformer pro¬ 
tection, 303 

Designation of series, common, and 
tertiary windings in autotrans¬ 
formers, 128 

Differential protection, of genera¬ 
tors, 316 

combined generator and trans¬ 
former, 326 

delta-connected generators, 323 
ground-detector method, 330 
grounding-transformer method, 
329 

parallel-winding generators, 326 
star-connected generators, 322 
high speed, 331 
of transformers, 289 
autotransformers, 306 
delta-star bank, 297 
delta-star-zigzag, 311 
ground faults, 302 
inrush current, 316 
percentage differential relay, 
292 

regulating transformers, 314 
Scott connected, 304 
special cases, 302 
three winding, 306 
through-short-circuit analysis, 
300 

vector relations, 298 
zigzag grounding, 303 
Direct axis, discussion of, 147 
Direct-current component of arma¬ 
ture current, 173 
IMrect-current tripping, 367 
Direct-trip attachment, 368 
Directional control, 366 
Directional ground relaying, 392 
Diieetional protection, 364 


Directional residual, current relay, 
408 

volt-ampere relay, 403 
Dissymmetry, cable circuits, 230 
transmission circuits, 216 
Distance-relaying application, 465 
ground protection, 477 
theory of, 468 
Distribution factors, 81 
Double line-to-gro\md faults, 66, 
104, 186 
{See aho Faults) 

Double-line loop, 383 

E 

Earth conductivity, 217 
Earth current, distribution, 223 
impedance, 217 

Equivalent networks (or circuits), 
autotransformers with delta 
tertiary windings, 126-142 
fault calculations, 47 
inductively coupled circuits, 91 
positive or negative sequence for 
two-winding autotransform¬ 
ers, 123-126 
reduction methods, 82 
star-delta transformations, 83 
star-mesh transformations, 86 
table of connections and circuits 
for three-winding trans¬ 
formers, 121 

of zero sequence circuits for 
two-winding autotransform¬ 
ers, 121 

three-winding transformers, 116 
two-winding transformers, 106, 
108, 113 

zigzag transformers, 113, 115 
Excitation, variable voltage, 193 

F 

Faults, calculations, 93 
double line to ground, 56,104,185 
effects of variable exciter voltage, 
192 
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Faults, general case involving salient 
pole machines, 187 
general procedure for calculating 
simultaneous, 67 
line to line, 61, 102, 181 
simultaneous, 67, 76 
single line to ground, 62, 98, 179 
three phase, 63, 106, 176 
types, 2 

Fault-bus protection, 340 
Fault-current loop system, example 
of, 401 

Fault detectors, 417 
Field-decrement expression, 169 
Frequency-changer protection, 349 
Fundamental basis for distance 
relaying, 468 

G 

G.M.D. (geometric mean distance), 
213 

cables, 230, 233 
transmission conductors, 214 
G.M.R. (geometric mean radius) 
typical conductors, 216 
Generator, fault calculations, 163 
flux and current relations, 166 
induced field current, 168 
internal voltage relations, 169 
negative sequence, 205 
negative-sequence resistance, 
method of test, 207 
quadrature axis quantities, 170 
subtransient reactance, direct 
axis, 199 

quadrature axis, 204 
synchronous reactance, 203 
zero sequence, 206 
Generator protection, 316 
fault-bus protection, 341 
field protection, 341 
overspeed, 340 

(See also Differential protection) 
Ground currents, Carson’s formula, 
217 

division with ground wire, 218 
Ground-detector differential pro¬ 
tection, 330 
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Ground-fault differential protection, 
302 

Ground-fault example, 400 

Grounding-bank method differential 
protection, 328 

Group-breaker protection scheme, 
366 

H 

High-impedance grounded system, 
416 

High-speed differential protection, 
331 

High-speed protection, 467 

High-speed relay application, 488 

High-speed relays, 467 
composite type, 464 
current balance, 479 
current-balance ground, 483 
impedance type, 468 
overcurrent, 484 
overcurrent directional, 486 
reactance type, 462 

I 

Impedance, sequence components, 
27 

symmetrical, 46 
unsymmetrical, 27, 33 
values, 78 

Independence of sequences, 45 
static networks, 46 

Induced field current, 158 

Instrument transformers, 256 
current transformers, 266 
burden, 272 
bushing type, 268 
characteristics of, 269 
general types, 261 
grounded-neutral circuits, 276 
mechanical characteristics of, 
276 

series and parallel connections, 
269 

thermal characteristics, 276 
through type, 263 
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Instrument transformers, current 
transformers, totalizing and 
differential connections, 269 
vector relations, 267 
wound type, 262 
potential devices, 277 
bushing potential device, 280 
capacitor potential device, 288 
potential transformers, 278 
Interconnected directional relaying, 
386 

Interconnected-star transformer, 304 
Intermediate faults on multi-circuit 
lines, 236 

Internal-voltage method, 164 
alternating-current component, 
171 

assumptions, 165 
direct-current component, 173 

L 

Loop system, 6, 378 
Loop-system fault currents, 382 

M 

Machine constants, direct axis, 199 
general, 198, 211 
quadrature axis, 204 
typical values, 211 
zero sequence, 206 
{See also Generators) 
Magnetizing impedance of trans¬ 
formers, 108 

Modification of existing reclosures, 
421 

Motor-generator protection, 348 
Motor outages on voltage dips, 423 
Motor protection, 342 
definite time, 343 
phase balance, 344 
unde^oltage, 344 
l^ultiide parallel lines, 377 
i^^ple impedance, of lines with 
aarth return, 217 

107, 116 


N 

Negative sequence, components, 19 
impedance of rotating machines, 
205 

networks, 148 

reactance of generators, 166 
Network equivalent, conversion, 
83-93 

representation of fault impedance, 
66 

sequence connections for faults, 
62-64 

series impedance, 134-140 
Networks, autotransformers, 123 
characteristics, 77 
general unsymmetrical, 46 
impedance values, 68, 72 
negative sequence for double 
faults, 68 

positive sequence for double 
faults, 72 

reduction, 77, 82, 96 
unit-current distribution, 97 
zero sequence for double faults, 67 
Neutral voltage analysis, 392 
Non-directional relaying, 390 
Non-selective relaying, 390 

O 

Oscillograph data, 496 
Overcurrent directional relays, 364 
Overcurrent relays, 361 

P 

Parallel line protection, 376 
Percentage differential relays, 292, 
306, 318 

Per-unit representation, 146 
Phase quantities, determination 
from sequence, 20, 100 
Phase symmetry, discussion, 47 
Pilot-wire relaying, application, 387 
cfuiier current, 446 
circulating current, 432 
direct-current telegraph, 443 



INDEX 


647 


Pilot-wire relaying, directional com¬ 
parison system, 438 
general principles, 429 
ground-fault protection, 436 
opposing voltage, 430 
rectified pulse telegraph, 444 
short-wave radio, 461 
transferred tripping, 442 
Polarity, 239 
current transformer, 240 
distribution transformer, 239 
elementary diagram, 239 
power transformers, 239 
relays, 244 

Polyphase relays, 369 
Polyphase vectors, 16 
Positive-sequence armature currents, 
classification as to effect, 148 
Potential devices, 277 
Potential transformers, 277 

{See also Instrument trans¬ 
formers) 

Principal reactance coefficients, 164 
Proximity effects in cables, 229 

Q 

Quadrature axis, discussion of, 148 
Quadrature-axis constants, 204 

R 

Radial system, 6, 363 
Reactance, coefficients, 164 
direct-axis constants, 199 
negative sequence, 206 
quadrature-axis constants, 204 
synchronous, 163, 206, 304 
subtransient, discussion, 160, 202 
transient, 149, 202 
transmission circuits, 216 
Reclosing systems, 418 
Relay current connections, 244 
Relay symbols, 383 
Relay terminal connections, 244 
Relays, automatic reclosing, 418 
circuit opening, 425 


Relays, composite high speed, 464 
cross connected, 375 
current balance, 360 
current balance high speed, 479 
directional ground, 392 
directional overcurrent, 366 
directional residual, 408 
duo-directional, 376 
effect of direct-current component, 
621 

of wave form on torque, 601 
elimination of zero-sequence cur¬ 
rent, 471 

fault deteclor, 417 
ground, 388 

immediate reclosing, 418 
impedance high speed, 468 
impedance induction, 387 
instantaneous overcurrent, 343 
interconnected directional, 386 
non-selective ground, J^90 
one-shot reclosing, 422 
overcurrent, 361 
overcurrent directional, 366 
overcurrent directional ground, 
399 

overcurrent directional high 
speed, 486 

overcurrent high speed, 484 
pilot-wire systems, 429 

{See also Pilot-wire relaying) 
reactance high speed, 462 
residual overcurrent, 412 
residual volt-ampere, 404 
residual voltage, 392 
selective ground, 390 
testing and maintenance, 522 
{See also Testing relays) 
vector relations of fluxes and cur¬ 
rents, 600 
voltage, 416 

Rotating-apparatus protection, 316 


Scott^qnnected transformer pro¬ 
tection, 304 

Selective ground relaying, 390 
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Self-contained reclosing equipment, 
422 

Sequence cbmponents at fault, 63-64 
Sequence impedance representation 
of two-winding transformers, 
109 

Sequence operator, 23 
Sheath currents, in cables, 229 
division with earth, 232 
Short circuit, calculating boards, 66 
calculation assumptions, 49, 166 
{See also Faults) 

connection of sequence networks, 
62, 64 

constant excitation, 171-187 
example of calculations, 93-106 
general procedure, 78 
internal-voltage method, 163 
network reduction, 82, 96, 97 
transient-current calculations, 146 
variable excitation, 192 
Simultaneous faults, 67-76 
{See also Faults) 

Symbols, 383 

Symmetrical components, general, 
16 

positive, negative and zero 
sequence, 18 
sequence operator, 23 
two points of fault, 69 
vector, 17 

Synchronous condenser protection, 
347 

{Synchronous converter protection, 
347 

%nchronous machine constants, 198 
System neutral grounding, 392 

T 

Test circuits, primary types, 609 
secondary types, 606 
form, 606 

TMnf relays, directional relays, 

^^foectional test, 626 

fsaend, 623 

types, 536 


Testing relays, testing equipment, 
637 

timing devices, 640 
Three-winding transformer protec¬ 
tion, 306 

Time constants, definition, 166 
direct axis, 207 

direct-current component, 162,209 
quadrature axis, 209 
sub transient, 161, 207 
table of typical values, 211 
transient, 160 

Total ground current, example, 402 
Transformer, equivalent circuit for 
three wmding, 118, 121 
interconnected star delta, 142 
open delta, 38 
polarity, 239 
protection, 289 
three winding, 116 
two winding, 106 
zigzag, 116 

Transient currents, double line-to- 
ground fault, 186 
general, 148-166 
hne-to-ground fault, 179 
line-to-line fault, 181 
three-phase fault with any num¬ 
ber of machines, 176 
Transmission circuits, capacitance, 
216 

double circuit, no ground wires, 
220 

one ground wire, 222 
two ground wires, 224 
general case, 224 
inductance formulas, 212 
positive- and negative-sequence 
reactance, 216 

single circuit, no ground wires, 217 
one ground wire, 218 
two groimd wires, 219 
zero-sequence capacitance, 226 
zejo-sequence constants, 216 
Tripping reactor, 369 
Transformation, multipoint star 
"mesh, 86 
star delta, 83 
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Transient symmetrical component 
of armature current, 171 
Transient voltages, 166 

U 

Undervoltage inductor protection, 
344 

Undervoltage relays, 346 
Unsymmetrical circuits, current and 
voltage relations, 32 
impedances, 26 
load on generator, 43 
transformer connections, 33, 38 

V 

Vectors for relay systems, 239 
delta-star transformer bank, 260 
differential protection, 298 
fundamental system, 241 
ninety-degree connection, 261 
potential connections, 246 
reversed-phase rotation, 254 
sixty-degree connection, 249 
thirty-degree connection, 246 
Volt-ampere relay, 406 
Voltage transformer connections, 
242 

Voltages, delta, 30 
phase, 102 

relations in star-delta trans¬ 
formers, 41 


Voltages, star, 30 
transient, 166 

in unsymmetrical circuit, 32 
W 

Wave form, effect on relay torque, 
600 

phenomena, 498 
Y 

Y-connected generator protection, 
322 

Y-delta transformer protection, 297 
Z 

Zigzag-delta-star transformer pro¬ 
tection, 311 

Zigzag transformer protet ion, 304 
Zero-sequence constants, autotrans¬ 
formers, 123-142 
cables, 231 
of generators, 156 
interconnected star-delta trans¬ 
formers, 142 

neutral impedance, 66, 120, 126 
series impedance, 134 
three-winding transformer, 116- 
123 

two-winding transformer, 126 





